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Abstract 
The subject of the thesis is the examination of the phenomena behind the formulation and 
spatio-temporal evolution of anisotropic particle assemblies during drying processes. Two 
different drying processes have been investigated in this study, namely spray drying and 
contact drying. Following a literature review of the relevant processes – namely spray drying 
but also particle agglomeration and break-up, literature on the packing of non-spherical 
particles is reviewed. An investigation into the effect of particle shape, solubility, initial 
concentration and state (solution vs. slurry), and drying rate on the microstructure of particle 
assemblies within an evaporating droplet has been carried out. The materials used in the 
study were chosen so as to cover a range of solubility and crystal shape, and include: 
benzoic acid (needle shaped) and glass beads (spherical shape), monosodium glutamate 
(MSG), lactose, hydroxypropylmethylcellulose (HPMC), aspirin, sodium carbonate and 
water.  
The study of single droplet drying aims to provide a quantitative and qualitative view on the 
microstructure formation during drying. A new single droplet drying technique has been 
developed  to allow for real-time observation of the microstructure and morphology evolution, 
and subsequently to determine whether the particle morphologies produced in single droplet 
drying are analogous to those produced by a spray dryer.  The results produced in this study 
indicate that for the materials investigated, the end microstructural arrangement obtained by 
the single droplet technique will be essentially the same as that obtained in a spray dryer, 
and the single droplet method can therefore be used as an early indication of the most likely 
particle morphology. This has significance during process scale-up in the pharmaceutical 
industry and in other situations when only small quantities of a newly developed chemical 
entity are available but a decision about the process route has to be made at an early stage. 
The single droplet results have also allowed for the understanding of some drying 
mechanism behind the morphologies commonly produced in spray drying. 
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1 Introduction  
 
1.1    Spray drying 
 
Spray drying is an extensively used industrial process involving particle formation and 
drying. There are three fundamental unit processes involved in spray drying and they 
include: liquid atomization, gas-droplet mixing and drying from liquid droplets. This study 
focuses on the drying of a single atomised droplet. Highly suited for the production of dry 
solids, the atomisation of the liquid feedstock into very small droplets creates a large surface 
area for heat and mass transfer to occur. This takes place in the drying chamber as the 
droplets come into contact with a hot gas. Hence, spray drying is an ideal process when 
producing an end-product that must comply to specific quality standards with regards to 
particle size distribution, residual moisture content, bulk density and particle morphology 
(Farid 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: An illustration to show the operation of a co-current current spray dryer 
Exhaust 
Product 
Air flow 
Spray 
(a) 
Hot air 
12
Previous works on the drying of single droplets have shown that evaporation initially occurs 
at a constant rate, which is subsequently followed by a falling rate period as experienced in 
other methods of drying. However in this case, the constant rate period occurs for a shorter 
amount of time, depending on the nature of the droplet. The temperature of the droplet is 
maintained close to the wet bulb temperature of the air during the constant rate drying period 
and this is then followed by a gradual increase as the dry temperature of the air is 
approached (Farid, 2003). 
 Both the evaporation of moisture and the formation of dry particles proceed under controlled 
temperature and airflow conditions, while the solid product is continuously discharged from 
the drying chamber. Previous work has shown that it is to an extent possible to describe the 
evaporative stages and heat and mass transfer in spray drying, by monitoring morphological 
changes during drying macroscopic solid or liquid single spheres (Dolinsky, 2001; Ferrari, 
Meerdink and Walstra, 1989; Hecht and King, 2000).  
Transformation kinetics involving the nucleation and growth of anisotropic particles has been 
a topic of practical significance due to its relevance to a variety of applications. An example 
of this can be seen with materials consisting of plate-like particles or composite materials 
containing highly anisotropic embedded particles. It has been reported that these materials 
tend to display superior mechanical toughness since cracks need to follow a tortuous path 
around or through the plate-like particles in order to propagate (Dunbar  and Weinberg 
2000). 
 
 
 
 
 
 
 
Furthermore, when drying macroscopic droplets, Dolinsky (2001) found that stages in 
dehydration could be related to specific operation and design parameters (height and 
diameter of chamber). This led to the consideration of heat and mass transfer balances, 
Figure 2: A diagram to show the 
irregular morphology of anisotropic 
particles 
 
Droplet 
Anisotropic particle 
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empirical correlations as well as the theoretical droplet’s flow pattern into the chamber in the 
construction of the drier (Dolinsky, 2001). 
This work also made it possible to recognise the classification of drying zones in the 
chamber, to aid the proposal of links between drier design and product quality and to support 
the usefulness of establishing analogies between the drying of macroscopic droplets and 
actual spray drying operations. This idea is supported by Walton (2000), whose work also 
linked the morphology of the final products with the drying conditions.  
It has also been suggested that in order to acquire the desired characteristics of the product 
and to accommodate complex mass and heat transfer calculations, the selection of the 
drying conditions, atomizing device, size and geometry of the drying chamber must be taken 
into account. Atomisation has been considered by many authors as the key stage in this 
process (Allen & Bakker 1994; Furuta, Hayashi, and Ohashis 1994 ;Oakley 1994).    
The physical properties of the feed and type of atomiser contribute to determine the energy 
used in atomising and the appropriate drying chamber to be used. The size distribution of 
the spray and the average size of the atomised droplets as well as particle trajectory and 
velocity inside the chamber and product collection system will all play a role in establishing 
the overall quality of the process (Chawla 1994; Filokova and Mujumdar 1995). 
  
 
1.2    Spray freeze drying 
 
In biopharmaceutical applications, the formulation and storage of proteins and peptides 
demands a sophisticated process. The limited physical and chemical stability of proteins 
means that they are more often stable in a solid state than in solution (Cleland, Powell, and 
Shire 1993). The most widely used method of preparing solid protein pharmaceuticals is 
lyophilisation or spray freeze drying (Wang 2000).  This process consists of two main steps: 
the freezing of a protein solution, and the drying of the frozen solution in a vacuum. The 
drying step is divided further into two phases: primary and secondary drying. The latter 
removes the non-frozen  ‘bound’ water and the former removes the frozen water (Arakawa et 
al. 1993).  
In the freezing step, droplets are formed by spraying a solution containing dissolved protein 
into a cold vapour phase over cryogenic liquid. The droplets do not freeze immediately and 
may begin to freeze while falling through the cold vapour phase.  Fine droplets with a large 
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air-liquid interfacial area are produced due to atomisation and Webb et al. (2000) reports that 
approximately 1s is required for the droplets to pass through the vapour phase (Webb et al. 
2002).  Advantages of freeze spray drying in comparison to general spray drying includes 
the following: better control of density of produced granules, the removal of cavities from 
granules, low waste of material (high yield), equipment easy to clean and it is possible to 
recycle organic solvents (Powder Pro 2004). 
However, the lyophilisation process generates a variety of freezing and drying stresses such 
as solute concentration, formation of ice crystals, pH changes etc. These stresses can 
instigate the denaturation of proteins to various degrees, hence surfactant and/or a 
stabiliser(s) may be added to the medium to alleviate these stresses. Proteins in solid state 
may still have limited long-term storage stability despite the additions of stabilisers (Wang 
2000). However, nano-structured protein micro particles displaying a smaller degree of 
denaturation can be produced from spray freezing into a liquid cryogenic process (Yu et al. 
2004) . 
Furthermore, supercritical fluid based processes are also increasingly investigated for the 
production of polymeric particles. They are regarded as an improvement on conventional 
processes like spray drying and are attractive due to their environmentally benign impact 
and the advantage of product tenability (Reverchon, Cleofe Volpe, and Caputo 2003). While 
this topic is not the main focus of this project, models generated from this study may become 
useful in any future work to further understand the lypholisation process. 
In the pharmaceutical industry, spray drying is used to manufacture particles that form the 
basis for dry dosage forms for parenteral, nasal, or pulmonary delivery, and are administered 
as suspensions, powders or aerosols. Spray drying is the choice for drying for these 
applications as the particles formed must be able to stabilize the active pharmaceutical 
gradient and provide physical stability for the dosage form on storage. The particles must 
also have adequate powder flow properties and dispersibility, and in the case of respiratory 
delivery, suitable aerodynamic properties.  A better understanding of this particle formation 
process in order to facilitate the production of produce complex particles to meet these 
demands has formed the basis of many experimental studies, including this one.   
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1.3 Industrial Problem 
 
As explained above, as an industrial process, spray drying is hugely significant to various 
applications.  But despite this reality, a “black box problem” still exists within the process. In 
the development of a new product, it is often challenging to predict the relationship between 
the morphology of the dried product and the process parameters.  
A possible solution would be to monitor both the parameters and particle morphology on line 
but this is extremely difficult as the complete process happens within the space of fractions 
of a second. Another solution would be to analyse batches of the dried product but doing this 
on a lab or industrial scale dryer. This can not only become very capital intensive but also 
impossible as the new material may only be available in too small of a quantity, especially in 
early stage drug development within the pharmaceutical industry. 
The approach of this study is to try to monitor and analyse the drying of one single droplet in 
a confined space which can then be used to model an entire spray chamber full of hundreds 
of atomised droplets. Although single droplet drying is a much slower process than spray 
drying, by closely monitoring the drying of a droplet while slowing the process down, there 
becomes a higher probability of understanding the mechanisms behind single droplet drying. 
Furthermore, since the technique only requires a small (droplet) amount, it reduces the costs 
and therefore has a potential to be less capital intensive.  
 
 
 
 
 
 
USE 
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Figure 3:  An illustration to show the approach of this study and the industrial problem involved 
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1.4  Particle morphology and characterization 
 
In the spray drying process, dryer design and operating conditions depend upon the drying 
characteristics of the required product. The specification of this end product must generally 
comply to precise quality standards regarding e.g. particle size, particle size distribution, bulk 
and particle density, friability, dispersibility and moisture content. These characteristics are 
significant since they have a bearing on packaging considerations, transport costs and even 
the overall density of the product.  Particle strength or (friability) is significant in terms of 
powder handling e.g. during storage, transport and after powder treatment such as rewet 
agglomeration or instantizing. 
The ability to control such characteristics is a key advantage of the spray drying process 
over other drying methods, especially when working with high performance (high cost, low 
volume) and consumer products. Many bulk powder and particulate properties are linked to 
particle morphology. For example, mechanisms behind the movement of moisture during the 
non-saturated surface drying period can cause particles to inflate, shrink or distort. With 
some materials, depending upon the drying conditions, the particles may crack, case-harden 
or even fracture completely to produce shell fragments or dust (Walton and Mumford, 1999). 
Some materials produce a skin which can form externally and possible internally (Walton 
and Mumford, 1999). The situation is further convoluted by multi-component formulation 
since different constituents (including additives) may gather within the particle during drying. 
Hence, in recent years, the focus of spray drying technology has tended to move away from 
reducing the capital cost of equipment, energy usage and operating costs to delivering 
specific product performance characteristics. As a consequence of this, there has been 
greater interest on understanding the microscale rather than the mesoscale considerations 
such as dryer design options. 
 
The effect of process parameters that are variable upon particle morphology for example, 
the feed parameters such as concentration, temperature and the degree of feed aeration, as 
well as other parameters like residence time or particles within the drying chamber, the 
method and conditions of atomization and the type of spray/air contact, are difficult to 
measure in general terms. A reason for this could be the lack of information within the 
literature (probably the result of commercial discretion) and on the specific drying nature of 
most materials. As a consequence of this, morphological phenomena is rendered difficult to 
classify with relation to dryer operation, as the physical, and to a lesser extent chemical 
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nature of the particle skin or crust formed during drying determines the type of particle drying 
behaviour. For a specific drying condition, particles may inflate, distort, shrivel or fracture 
depending upon the rheological properties, porosity of non porosity of the particle skin or 
crust. 
 
 
 
 
 
 
 
 
 
 
  
 
Pre drying operations like mechanical grinding, or the conveyance of feed to the atomizer by 
compressed gas (resulting in feed aeration) and the wide variety of techniques used to 
determine specific data can make comparative particle morphologies complicated. A good 
example of this in the case of bulk and particle density determination. However, bulk and 
particle density generally increase with an increase in feed concentration, whereas an 
increase in drying temperature, atomization pressure of feed temperature produces a 
decrease, although the opposite effects have been observed. Dufffie and Marshall (1953) 
discovered that whilst the bulk density of some materials decreased with an increase in 
drying temperature and feed temperature, with others, it increased, despite the fact that they 
were spray-dried under identical conditions. Bulk density was also said to be influenced by 
factors such as feed rate, powder temperature and residual moisture content.  
Varying parameters such as feed temperature can affect the level of feed aeration, feed 
viscosity and solute solubility. Consequently, this may influence the atomization properties of 
Heat Evaporation 
Solid 
particle 
Shrivelled 
particle 
Hollow 
particle 
Disintegrated 
particle 
Agglomerate
d particle 
DRIED PARTICLE 
Figure 4:  An illustration to show some of the different morphologies produced from spray 
drying. (Based on Niro spray drying hand book, 2006) 
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the feed and consequently particle size, particle residence time, bulk/particle density and 
powder flowability. Similarly, increasing the feed concentration increases feed viscosity and 
increasing the drying air temperature generally produces a decrease in bulk and particle 
density due to an increase in particle size and a greater inclination for the particles to 
become hollow. The former is caused by particle inflation, “ballooning” or “puffing”, and is 
predominantly common in skin-forming materials.  
Due to the wide range of variables involved in spray drying and their interdependency, a 
complete model of the spray drying process has yet to be developed. Hence, it is still viewed 
by many as being more of an art or a “black box” than a science, with most process 
information remaining with experts. 
In a study by Walton and Mumford (1999), the morphology of commercially spray-dried 
particles was investigated. A number of spray-dried materials were obtained from various 
manufacturers along with the details of the drying conditions and feed specifications used in 
the manufacture of the materials. The samples consisted of inorganic materials, organic 
materials, and a number of proprietary materials e.g. detergent, semi-instant skimmed milk 
and yoghurt powder. 
 
All the samples were acquired directly from the manufacturer’s spray dryer without further 
processing. Experimental data were obtained from qualitative and semi-quantitative 
examination of the samples, and the results were presented in terms of bulk (powder) and 
particulate physical properties, and related to drying conditions. Results from this study also 
allowed for the characterization of particle morphology of different spray dried particles. The 
particle morphology of each powder sample was examined using both optical and Scanning 
Electron Microscopy. Further studies, where then carried out using a single droplet drying 
apparatus (a convective drying process analogous to spray drying) to investigate the effect 
of process conditions upon particle morphology.The three distinct morphological categories 
identified were namely, agglomerate, skin-forming and crystalline. These were defined 
structurally as: 
 
• Agglomerate:  A particle composed of individual grains of material bound together by 
sub-micron dust, i.e. material less than 1 µm in diameter and/or a binder. 
• Skin forming: A particle composed of a continuous non-liquid phase which is 
polymeric or sub-microcrystalline in nature. 
• Crystalline structure: A particle composed of large individual crystal nuclei bound 
together by a continuous microcrystalline phase. 
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1.4.1 Agglomerate forming particles 
 
In the results produced from the study by Walton and Mumford (1999), the inorganic 
materials fell characteristically into the crystalline and agglomerate category and they could 
have been further sub-divided according to their aqueous solubility i.e. materials which were 
readily soluble in water tended to have crystalline morphologies, whereas, insoluble or 
partially-soluble materials tended to form agglomerate structures. Organic materials were 
predominantly skin-forming.  
 
The single droplet studies, in addition to the general observations from the study by Walton 
and Mumford (1999) also suggested however, that specific inorganic or organic materials 
could fit into either group. For example, sodium silicate was found to possess skin-forming 
properties. 
 
Particles found to have an agglomerate structure were composed of individual grains of 
material bound together by sub-micron dust (of the same material) and possibly a binder. 
The grains or primary particles varied both in size and shape from relatively large irregular 
structures up to 10 µm in diameter, to regular, almost cubic, grains less than 1 µm in 
diameter as shown in figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Grain-size distributions within particles could also vary or be relatively homogeneous. The 
majority of the agglomerate particles were found to be spherical, solid and regular in shape, 
as shown in figure 6, but this was not always the case. Figures 7 and 8 for example, show 
Figure 5: Copper oxychloride (Walton and Mumford, 1999) 
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particles of tungsten carbide and aluminium oxide which were both pear shaped and 
elongated respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This type of deformation was said to be due to incomplete atomization, i.e. the breakdown 
process of ligaments into droplets was incomplete. Some skin-forming and crystalline 
structures exhibited similar deformations. Thus skin-forming materials were particularly 
prevalent to this type of phenomenon. A more embellished example of this is shown in 
Figure 9. 
 
 
 
 
 
 
 
  
  
Figure 6: Ferrite - “spherical” 
(Walton and Mumford, 1999) 
 
Figure 7: Tungsten Carbide - “spherical”  
(Walton and Mumford, 1999) 
Figure 8: Aluminium oxide - “elongated”  
(Walton and Mumford, 1999)
 
Figure 9: Incomplete atomization 
– Ligament formation (Wood, 1986) 
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Particle blowholes and cratering were comparatively uncommon features and further 
analysis of this finding had revealed that this may have been due to the highly porous or 
open nature of the particle structure. This allowed the flow of water, water vapour and 
possibly dissolved gases from the interior of the particle to its surface, with the minimal 
amount of resistance, thus minimizing internal pressure build-up and particle distortion or 
inflation. This was said to account for the high degree of sphericity displayed by most of the 
agglomerate particles. 
 
In order to explain agglomerate particle structures which did exhibit blowholes and cratering, 
the study reported that it was necessary to take into account particle strength, friability, feed 
specifications and drying conditions. For example, Figure 10 shows a fractured particle of 
tungsten carbide with a blowhole. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Although the particles had a comparatively open structure, they were dried from volatile, 
non-aqueous feed slurry such as ethanol or hexane which carried a binder. Rapid 
evaporation of the volatile solvent was said to have probably exceeded the rate of liquid 
and/or vapour diffusion through the porous particle structure, resulting in the formation of a 
hollow particle with a blowhole.  
 
The surface morphologies of the clay particles, namely, kaolin, clay (nozzle) and clay (rotary-
nozzle and rotary refer to the method of atomization) were said to be in contrast to this 
finding. Clay (rotary) was a particularly good example, where the particles showed a high 
degree of cratering (Figures 11a and b) and surface structures appeared almost polymeric or 
skin-like, as shown in Figure 11c.  
 
Figure 10: Tungsten carbide  
(Walton and Mumford, 1999)
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This was explained in terms of the fine nature of the clay primary particles or platelets. 
Although by definition an agglomerate structure, because of the small size of the platelets, 
i.e. in the region of 10-6 m to 10-9 m, optically, appeared to form a continuous phase or skin. 
None the less, for mass transfer purposes, a relatively non-porous barrier was formed. Since 
most clays have a natural plasticity when wet, particle distortion or some form of vapour 
pressure release was found to be unavoidable during drying, e.g. particle inflation, followed 
by rupture of the particle wall to form a blowhole which collapses inwards to form a crater.  
 
 
 
 
 
 
 
 
 
 
  
 
Figure 11 a) Clay (nozzle) – “cratering” b) Clay (rotary) – “cratering” c) 
Clay (nozzle) – “skin-like”. (Walton and Mumford, 1999) 
Figure 12: Ferrite 
(Walton and Mumford, 1999)
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Agglomeration in the broad sense was reported to be usually limited to two or three particle 
agglomerates as shown in Figure 12, or multiple particle agglomerates, but never mass 
agglomeration as shown with the polymeric materials. The particles seemed to be bonded or 
cemented together by material derived either from each other, or, from a single squashed 
particle acting as binder. The internal structure of agglomerate particles could either be solid 
(Figure 13) or hollow (as was shown in Figure 10). If hollow, the wall structures were 
comparatively thick in relation to the overall particle diameter; if solid, the particles could 
sometimes contain vacuoles or trapped air/gas bubbles. Although not agglomerate 
structures, a good example of particle vacuolation is shown in Figure 14.  
 
 
 
 
 
 
 
 
 
 
 
 
Both the surface structure and the internal solid structure of agglomerate particles were 
found to be identical, although there could have been some classification of the composite, 
granular structure as the particle dried. An exception to this however, was the particles of 
aluminium silicate. Internally, these exhibited a typical agglomerate structure, i.e. solid and 
granular with some degree of vacuolation, but towards the particle surface, the composition 
or texture of the internal structure was found to change from granular to a very smooth, very 
compact and dense layer approximately 9 µm to 13 µm thick. The layer was said to extend 
to the particle surface (Figure 15a) to form a polymeric surface structure with fissures and 
cracks (Figure 15b). This previously described change in structural composition was most 
likely due to the presence of a binder which had either been applied externally to the particle 
in the form of a fillm, or, had migrated towards the particle surface, as opposed to being an 
integral part of the particle structure. Qualitative examination by IR spectroscopy suggested 
the material contained a glycol.  
 
 
 
Figure 13: Lead chromate – “Solid” 
(Walton and Mumford, 1999)
Figure 14: Skimmed Milk – “Vacuoles” 
(Walton and Mumford, 1999)
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1.4.2 Skin-Forming Particles 
 
As previously noted, this study described skin forming particles as particles with a skin-like 
or polymeric appearance that are composed of a continuous non-liquid phase which is quite 
complex to define from a structural view point. The non-liquid phase of dairy products such 
as skimmed milk, yoghurt powder and co-dried egg, may be composed of denatured 
proteins such as casein or albumins. For example, when cooking an egg white (which is 
colourless) the high temperature causes an irreversible denaturation of the albumins which 
unfold and precipitate to form a white solid.  
 
On the contrary, it was reported that materials such as glucose, calcium stearate and the 
soluble titanium salts, which possess well-ordered, crystalline structures still developed 
polymeric or skin-like particle morphologies. Such morphologies were comparable to those 
displayed by clays, i.e. the crystalline structure is so fine (sub-micron) that seemed and 
acted as a continuous phase. Most of the skin-forming materials were also noted to having 
relatively low melting points. A similar explanation was found to apply to multi-component 
materials. For example, the instant drink powder and encapsulated flavour powders are 
essentially entirely glucose based, whereas coffee contains carbohydrates or carbohydrate 
precursors like furfuryl mercaptan, an essential constituent of natural coffee aroma which is 
formed from a carbohydrate precursor during the roasting of coffee.  
 
 
 
 
Figure 15: Aluminium silicate a) Granular interior and smooth exterior b) Fissures and 
cracks.  (Walton and Mumford 1999)
 
a) b) 
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Since many commercially spray-dried materials have skin-like particle structures, e.g. food 
and dairy products, the morphology and morphological phenomena associated with the 
drying of these materials has formed the bulk of spray drying research. It is evident from the 
literature that the general structural plasticity of particles under this category display greater 
diversity in morphology than both agglomerate and crystalline particle structures. From this 
study by Wilton and Mumford (1999r), it is clear that agglomerate and crystalline 
morphologies are  limited to a relatively restricted range of morphological features, e.g. 
particles with cracks and fissures with occasional cratering, particles with blowholes and 
particles (particularly the crystalline morphologies) which are hollow1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The diversity in morphological features displayed by the commercially spray-dried particles 
that are skin forming include particle inflation (Figure 16), particle collapse or shrivelling 
(Figure 17), blowholes and cratering (Figures 18 and 19 respectively), agglomeration (Figure 
 
  
Figure 16: Coffee – “Particle inflation” 
(Walton and Mumford, 1999)
Figure 17: Co-dried egg and skimmed milk –  
“particle collapse/shrivelling”  
(Walton and Mumford, 1999)
Figure 18: Yoghurt powder – “Blow holes” 
(Walton and Mumford, 1999) 
Figure 19: Dyestuffs – “Cratering”  
(Walton and Mumford, 1999) 
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20), particles with cracks and fisures (Figure 21), particle vacuolation (Figures 14 and 22), 
particles which are hollow (Figures 21 and 23) and particles which are solid, in the sense 
that they always exhibit vacuolation to some extent4 5 .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.4.3 Crystalline forming particles 
 
Furthermore, in this same study by Wilton and Mumford (1999), particles with a crystalline 
structure are reported to consist of large individual crystal nuclei bound together in a 
microcrystalline phase (Figures 24, 25 and 26). They were said to differ structurally from 
crystalline materials which have a skin-like structure i.e. a continuous phase which is sub-
microcrystalline or, crystalline materials with an agglomerate structure, i.e. individual grains 
(crystals) bound together by material such as a binder.  
 
 
  
 
Figure 20: Yoghurt powder – “Agglomeration” 
(Walton and Mumford, 1999) 
Figure 21: Coffee – “Cracks and fissures” 
(Walton and Mumford, 1999) 
Figure 22: Yoghurt powder – “Agglomeration” 
(Walton and Mumford, 1999) 
Figure 23: Co-dried egg and skimmed milk  
– “Hollow” (Walton and Mumford, 1999) 
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From the results of this study, of the thirty-nine commercially spray-dried samples obtained, 
only two exhibited a crystalline particle structure, viz, tri-sodium orthophosphate and the 
organic UV brightener. Though this may, as previously suspected, coincide with the trend of 
manufacturers, who have turned away from spray drying heavy inorganic materials to spray 
drying high cost, low volume materials such as pharmaceuticals and bio-chemicals. 
Morphologically, they were found to be comparable to agglomerate particle structures but 
with a limited particle morphology, e.g. shrivelling, cratering, blowholes, etc. However, they 
proved to differ in: 
 
• The extent of surface cracking and fissures - This was found to be excessive in 
both trisodiumorthophosphate and the organic UV brightener, particularly in tri-
sodium orthophosphate where there were many broken shells. 
 
• Particle shape – The particles were relatively irregular in shape, although the entire  
shape did not indicate incomplete atomisation. 
 
 
Figure 24: Tri-sodium orthophosphate 
(Walton and Mumford, 1999) 
Figure 25: Organic UV brightner  
(Walton and Mumford, 1999) 
Figure 26: Tri-sodium orthophosphate 
(Walton and Mumford, 1999) 
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• The degree of vacuolation – No solid particles were found as virtually all the 
powder particles were hollow. 
 
These observations were reported to suggest a different drying pattern from both the 
agglomerate and skin-like particle structures. The excessive surface cracking and large 
number of broken shells (assuming they were not produced by mechanical damage), in 
addition to their general morphology, indicated the formation of relatively non-porous, rigid 
particle structures, where evaporation of the internal liquid had resulted in particle fracture 
and possibly explosion. The irregular shape of both the tri-sodium orthophosphate and the 
organic UV brightner particles did on the other hand, suggest some crust or shell movement 
(not flexibility) during drying. This probably occurred just after crust formation, where 
movement of crust segments on the droplet surface occurred due to fractures in the overall 
crust structure. This was caused by the exiting water or water vapour from the 
droplet/particle interior.  
 
The three morphological types identified by Walton and Mumford and i.e. agglomerate, 
crystalline and skin-forming particles does confirm the earlier work of Marshall et al who 
categorised laboratory spray-dried particles as crystalline, fine agglomerate and amorphous, 
or particles with film forming tendencies, although few structural explanations were given 
(Marshall et al, 1953).  Morphological phenomena that remain hard to explain include, the 
mushroom cap-shaped particles shown in Figures 27 and 28, and the presence of small 
particles within large particles (Figures 26, 29 and 30).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 27: Mushroom cap shaped particle 
(Wood, 1986) 
Figure 28: Mushroom cap shaped particles 
(Wood, 1986) 
29
None the less, mushroom cap-shaped particles are relatively uncommon although they have 
been illustrated in literature. For example, Duffie and Marshall (1953) showed 
photomicrographs of sodium silicate particles which have curled up and ruptured to form the 
characteristic mushroom cap-shape. Crosby and Marshall (1960) also formed a similar 
phenomenon with attapulgus clay slip and suggested the general shape might be caused by 
the capillary action of the dried particle surfaces drawing liquid and solids outward uniformly 
around the droplet, thus creating sub-atmospheric internal pressures which eventually result 
in the collapse of the particle (Crosby and Marshall, 1960).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Given the relative strength of most spray-dried particles in relation to the magnitude of the 
vacuum that may be produced, this does seems unlikely, though the plastic nature of clays 
should be taken into account.  The observation of ruptured sodium silicate particles curling 
up by Duffie and Marshall (1953) may offer a better explanation, in that, both the sodium 
silicate and clay particles have skin forming or analogous skin-forming properties. As a result 
of this, they are pliable during drying. Hence, in the study by Walton and Mumford (1999), 
they suggest that the mushroom cap-shape may, therefore, be the result of the particle’s 
resistance to air flow as it moves through the drying. 
 
With regard to the phenomenon of small particles within large particles, it was also 
suggested in this study that this occurrence couldn’t arise simply from the smaller particles 
entering the larger particles via blowholes or craters, although this does occur. Figure 29 is a 
good example, where the larger of the two internal particles is far too big to have fallen 
through a crater or blowhole. Similarly, Figure 26 also portrays the presence of many smaller 
particles having formed in a much larger particle. This phenomenon has been readily 
  
Figure 29: Lead chromate 
(Walton and Mumford, 1986) 
Figure 30: Procion dye 
(Wood, 1986) 
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observed in spray-dried particles of coffee (Figure 16), where, in some cases, the internal 
particle or particles are almost half the size of the parent particle 
 
In the single droplet study by Walton and Mumford (1999) demonstrated that both the 
chemical and physical nature of the material being spray dried were important in determining 
its drying behaviour and particle morphology. For example the rheological properties of skin 
forming material allowed particles to inflate, collapse and then re-inflate many times (Walton 
and Mumford, 1999). Ruptures in the skin surface were found to quickly seal and surface 
folds and wrinkles were found to be readily accommodated. The pliable or plastic nature of 
the skin was reported to be related to its chemical and or/physical structure.  The 
characteristic drying behaviour of particles from the three different categories is represented 
schematically in Figure 31, Figure 32 and Figure 33. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The term “Skin” however was noted to be a generalization since it was used here to describe 
particle surface structures which were polymeric (amorphous) and sub-microcrystalline in 
 
Figure 31: The effect of temperature 
and concentration on the particle 
morphology of skin forming materials 
(Walton and Mumford 1999) 
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nature.  Once a skin had formed, moisture movement within the particle was said to be 
altered. Particles with a polymeric skin displayed an initial drying period during which they 
decreased in size without any rupture of the skin surface, which tended to suggest that this 
skin was porous (Hassan, 1991). On the contrary, particles with a skin composed of a sub-
microcrystalline  structure, experienced saturated surface drying with moisture transported 
from the particle interior to the surface through cracks and fissures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Particles with (macro) crystalline structures were reported to be far less pliable during drying 
than particles with a skin type particle structure. This was made evident from the type of 
 
Figure 32: The effect of temperature and concentration on the particle morphology of 
crystalline materials (Walton and Mumford 1999) 
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particle morphologies they formed, i.e. spherical with irregular surfaces and thick crusts. 
There was a tendency to form hollow, semi hollow or solid particles which did not inflate 
during drying, despite relatively violent surface distortion occurs during drying. Moisture 
movement during drying was claimed to occur by saturated surface drying through cracks 
and fissures in the crust surface with relatively substantial additional losses occurring by 
rupture of the crust surface. If the packing of the crystal nuclei within the crust was partially 
dense and the particle was rigid, mass transfer was severely restricted. 
Particles with an agglomerate structure displayed relatively simple drying behaviour in 
comparison to both skin forming and crystalline morphologies. If the interstices or pores 
within the particle structure were adequately large enough to allow free liquid movement, i.e. 
moisture flow via capillary flow from the centre of the particle to the surface would produce a 
smooth spherical solid. If the liquid movement was restricted by pore size, then the surface 
structure acted as a pseudo skin and hollow partially inflated particles were formed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33: The effect of temperature and concentration on the particle morphology of 
agglomerate materials (Walton and Mumford 1999) 
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An increasing drying temperature from 70ºC to 200ºC was found to increase the rate of heat 
and mass transfer experienced by both and droplet. With skin forming and crystalline 
morphologies, this produced shorter drying and more aggressive drying behaviour to 
produce particles with a greater tendency to inflate, shrivel and in some cases explode. 
None of the materials dried from a feed concentration of 1% w/w formed recognizable 
particle structures. The point at which a particle a particle became recognizable was difficult 
to ascertain but it presumably occurred at some stage between a solid concentration of 1% 
and 15% w/w.  By increasing the drying temperature from 70ºC to 200ºC, the respective 
migration rates of the two solutes studied. The migration of sodium chloride through the skin 
of semi-instant skimmed milk particles tended to suggest it was porous, whereas, the 
migration of sodium silicate through the crust of sodium chloride particles appeared to be 
through cracks and fissures in the particle surface and between individual crystal nuclei. 
 
With the use of a different single droplet technique, this present study also looks at the single 
droplet drying of different materials. Potential subdivisions of skin forming materials were 
encountered as well as crystalline and agglomerate forming particles. This allowed for the 
relationship between concentration (i.e. below or above saturation) and the described 
morphological categories to be examined, while the effect of temperature and feed particle 
shape (in a saturated slurry case) was also investigated.  
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1.4.4 Particle buckling 
 
Another interesting phenomenenon that occurs in single droplet drying is the onset of 
“buckling” in the drying of colloidal suspensions. A study into this pattern of drying has been 
completed by Tsapis et al. (2005). In their study, it was observed that as the droplet was 
drying, a viscoelastic shell of densely packed particles was forming at the droplets surface. 
As seen in the drying of a pure liquid, during this period of isotropic shrinkage, the shell 
yielded and thickened as the droplet shrunk. On reaching a certain point, the shell was said 
to experience a sol-gel transition, become elastic before buckling. The capillary forces that 
drove the deformation of the shell was said to have exceeded the electrostatic forces 
stabilizing the particles. While linear elasticity was able to describe the morphology of the 
buckled droplets, it failed to predict the onset of buckling (Tsapis et al 2005). 
 
In this study, the drying dynamics of droplets of aqueous suspensions of monodispersed 
carboxylate-modified polystyrene colloids (Interfacial Dynamics Corp.) was observed. The 
Leidenfrost effect was used to keep the droplets freely suspended. In essence, fluid droplets 
do not wet surfaces above about 150ºC; rather, they float on a thin layer of their own vapour 
(Leidenfrost, 1756). The shape of a Leidenfrost droplet was determined by a balance of 
capillary and gravitational forces. If the droplet radius, R, was smaller than the capillary 
length, l, defined below, the surface tension would overcome gravity and the droplet would 
remains spherical (Biance, 2003). 
                 
gl ργ /=  
 
Here, g is the acceleration due to gravity and ρ is the density, and γ is the surface tension. 
For water near 100ºC, the capillary length, l ≈ 2:5 mm. In order to ensure that they were 
spherical, droplets with radii from 0.8 to 2.2 mm were studied. Using high-speed video 
imaging, the drying of droplets suspended above a concave stainless steel surface 
maintained at 200ºC was captured. The transition from Isotropic shrinkage to elastic buckling 
can be seen below in Figure 34. 
 
 
 
 
 
 
 
Figure 34: A colloidal droplet levitates above a hot plate maintained at 200ºC. Adjacent 
snapshots are separated by 1.5 s. The scale bar represents 0.5mm. 
– “Buckling instability in a drying droplet”. (Tsapis et al, 2005) 
t 
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The morphologies observed in Figure 34 are consistent with those obtained from simulations 
of buckling elastic shells using Surface Evolver (Brakke, 1992). Certainly, scanning electron 
microscopy (SEM) images of fully dried droplets reveal a hollow core surrounded by a 
buckled shell of densely packed particles, as shown in Figure 35. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This shell forms as particle build up just inside the drying droplet’s receding air-water 
interface. The boundary between the shell and the bulk of the droplet is sharp when the time 
for the fluid to evaporate, τdry, is much less than the time required for homogenizing the 
droplet, τmix. The mixing time was estimated as the time a suspended particle takes to diffuse 
across the radius of the droplet, τmix ≈ R2/D, where D is the single particle diffusion 
coefficient. In these experiments, τdry ≈ 60s while τmix       103 s. Hence, the inner core of a 
droplet remains at its initial volume fraction, φi, while a shell of thickness T forms with volume 
fraction φc,. Mass conservation was then applied to determine the relative thickness of the 
shell during isotropic shrinkage, (Tsapis et al., 2005) 
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Figure 35: SEM images of a buckled, dried, and fractured shell created from a 
suspension of 85 nm spheres. a) Scale bar represents 200 µm. b) Scale bar 
represents 10 µm (Tsapis et al, 2005). 
∼ > 
Equation 2 
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Where Ri is the initial droplet radius. As the volume of the droplet decreased, new particles 
joined the shell. Furthermore, the surface area of the droplet shrunk as it dried, forcing the 
shell to thicken and its particles to rearrange. Capillary forces then drove the deformation of 
the shell. As water evaporated, tiny menisci formed in the gaps between particles at the 
surface of the shell. The reported pressure immediately inside the menisci was 2γ/ rm below 
atmospheric pressure, where rm is the local radius of curvature. The tension created by this 
interfacial curvature simultaneously pulled fluid toward the outer surface and drove particles 
inwardly (Tsapis et al., 2005). 
 
The radius of curvature, and thus the forces, adjusted to follow fluid evaporation and keep 
the particles wet. The shell’s response to capillary forces was viscoelastic. During isotropic 
shrinkage, the viscous nature of the shell dominated as it thickened and yielded. However, in 
order to buckle, the shell had to become elastic. Therefore, the onset of buckling must have 
corresponded to a transition from the viscous to elastic regimes of the shell’s rheology. To 
clarify the relationship between buckling and shell geometry, this study explored the variation 
of the onset of buckling with the initial droplet radius and initial particle volume fraction. 
These two parameters controlled the relative thickness of the shell (Equation 2) (Tsapis et al 
2005). 
 
The study identified the onset of buckling as the instant when the horizontal and vertical radii 
of the droplet became measurably different. The droplet’s radius at the onset of buckling, RB, 
increased linearly with the initial radius of the droplet. Therefore, RB/Ri was independent of 
Ri. The onset of buckling was observable down to remarkably low volume fractions, φ ≈ 10-4.  
By applying equation 1 to the data acquired in this study, the relative shell thickness at the 
point of buckling for each initial volume was calculated. Notably, it was found that (T/R)B was 
constant over two decades of φi, hence, the onset of  buckling occurred at a critical relative 
thickness, independent of Ri and φi.  
 
The thickness of a shell was found to be a key parameter in determining the stress needed 
to drive its deformation. This study related stress and shell thickness by considering the 
relative flow of fluid and particles as the droplet shrunk. Modeling the shell as a porous 
medium, Darcy’s law was used to estimate the pressure drop required to drive fluid flow 
through the particle shell, ΔP = ηTJ/k. Where η is the fluid viscosity, J = dR/dt is the 
volumetric flux of fluid through the shell per unit area, and k is the shell permeability. (Tsapis 
et al 2005) 
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The permeability was estimated with the Carmen-Kozeny relation stated below; 
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The combination of this finding with Equation 2 and measurements of R and dR/dt at the 
point of buckling, meant that the pressure drop across the shell at the point of buckling (ΔP)B  
could be estimated. Interestingly, the pressure drop was independent of the initial volume 
fraction. The emergence of a critical pressure suggests that the transition from viscous to 
elastic behaviour was initiated by stress. The origin of the critical buckling pressure was 
clarified by considering the forces acting on individual colloidal particles. Particles confined 
to the air-water interface are driven together by capillary forces. During isotropic shrinkage, 
the magnitude of the capillary forces is about πa2ΔP, as the pressure drop across the air-
water interface is equal to the pressure drop across the shell (Tsapis et al 2005). 
 
Hence, the critical buckling pressure corresponded to a critical force, FB ≈  πa2(ΔP)B. It was 
found in this study that FB = (37± 10) pN and (120±50) pN for the small and large spheres 
respectively. These forces were of the same order of magnitude as those expected to 
provide electro-static stabilization between colloidal particles and could be estimated with 
measured values of the Hamacker constant and surface potential. The force between two 
highly charged spheres whose surfaces are separated by a distance D << a can be 
estimated as (Israelachvili, 1992); 
 
                        ( ) 2
2
12
64
D
aAeTkanDF DBo −Γ= −κκ
π
 
 
Where no is the number density of monovalent electrolyte, κ is the Debye screening length, 
and A is the Hamacker constant. The parameter, Γ = tanh(eζ/4kBT), captures the saturation 
of the electrostatic repulsion with large values of the surface potential, ζ. 
 
This study suggests that the forces between particles in a drying droplet play an important 
role in determining the onset of buckling. The hypothesis here is that that buckling occurred 
when the capillary forces driving the deformation and flow of a shell overcame the 
electrostatic forces stabilizing the particles against aggregation. Therefore, at a critical value 
of the capillary forces, the particles undergo a sol-gel transition, transforming the shell from a 
viscous fluid to an elastic solid, and triggering the onset of buckling. Having tested this 
Equation 3 
Equation 4 
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hypothesis by modifying the interactions of particles in the shell, this report concluded that 
the stress-induced fluid to solid transition should be a generic feature of drying suspensions 
of particles whose interactions have strong short range attractions and relatively long range 
repulsive stabilizing forces, typical of most aqueous suspensions. Hence, it claims that by 
tuning the interactions between particles, the onset of buckling and the morphology of the 
final shell can be adjusted. This new understanding was reported to provide guidance for 
engineering morphology of spray dried particles. In addition to this, stress-induced gelation 
was said to play an important role in the onset of other elastic instabilities in geometries, 
such as the fracture of drying films (Dufresne, 2003). Finally, stress induced gelation was 
also suggested to provide a simple means of measuring the forces stabilizing particles in 
suspension (Tsapis et al 2005). 
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1.5 Single droplet experimental techniques 
 
1.5.1 Air stream capillary technique 
In this section, experimental techniques suitable for single droplet drying observation will be 
reviewed. In summary, the single droplet techniques described in the literature so far 
involved the suspension of an individual droplet in a controlled air stream or the suspension 
of a single droplet above a hot plate based on the Leidenfrost effect.  
In the study by Walton and Mumford (1999), the individual droplet was suspended in a 
controlled air stream with a velocity of 1 ms-1 while the moisture loss was recorded. An 
image of the suspended droplet can be seen in Figure 36.  
 
 
 
 
 
 
 
 
Visual observations were also made of the appearance and size of the droplets and the 
particles as they formed. The experimental apparatus of this technique can be seen in 
Figure 35 and it was modelled after that of Ali (1988) but used a filament suspension device 
rather than a nozzle. It consisted of two sections: 
1. A horizontal wine tunnel in which air and temperature, humidity and velocity were 
controlled and monitored. 
2. A working section consisting of a droplet suspension/rotation device. 
Studies were then carried out on a range of inorganic and organic materials and various 
proprietary products. The materials were chosen as they typified the types of materials spray 
dried industrially. The criterion for the selected materials was that they were available in a 
 
Figure 36: Suspended droplet. Scale = 1mm. The filament has been extended for 
photographic purposes 
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pure form or to a specification. The main objectives of this study were (Walton and Mumford, 
1999): 
• To identify and classify the various types of particle morphology produced. 
• To identify the factors which influenced droplet/particle behaviour under controlled 
drying conditions. 
• To provide a greater understanding of the drying fundamentals involved; and 
• To determine whether the single droplet method was analogous to the spray drying 
process.  
 
 
 
 
 
 
 
 
 
 
 
The materials were dried from aqueous solutions, suspensions, slurries or pastes as single 
droplets at various temperatures and concentrations. Feed aeration/deaeration and the 
retention of volatiles were also investigated. The results were then interpreted in terms of the 
particle morphologies produced and their associated drying characteristics. 
A key feature in the single droplet technique of this current PhD thesis is that both the 
droplets structural evolution during drying and the final microstructural arrangement are 
captured. Hence the drying was not evaluated from only analysing the final microstructure of 
the dried droplet. By capturing the evolution of drying, indications of migration of fluid 
 
  
 
 
Figure 37: Single droplet drying apparatus. Key: A (Air inlet – 80 psig), B (Air filter), C (Air 
reservoir), D (Primary dehumidifier), E (Secondary dehumidifier), F (Rotameter), G (Fan 
blower/heater), H (Working section), I (Three-way valve), J (Droplet suspension/rotation 
device), K. (Hygrometer), L (Hygrometer meter), M (Chart recorder), N (Pump), O 
(Thermocouple) switching unit, P (Temperature unit), Q (Electronic anemometer. (Walton and 
Mumford, 1999) 
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through crusts can be identified. The restriction of liquid mass transfer due to the packing of 
the crust can also be seen and the use of different feed concentrations also investigates the 
start point for physical structural recognition of crystals.  
 
1.5.2 Microscope slide technique 
Although the use of this technique has been focussed on an investigation into wet 
granulation, the formation of solid bridges from liquid bridges is potentially a relevant feature 
in single droplet drying. Also, the single droplet prospective of this experimental work gives a 
useful insight single droplet analysis.  Wet granulation is a commonly used intermediate step 
in pharmaceutical processing that leads to the production of tablets. It is used intensively as 
it assures homogenous mixing of different powdery ingredients that would otherwise tend to 
strongly segregate. 
The process of wet granulation consists of the introduction of a liquid binder (by spraying or 
pouring) into a continuously sheared powder bed of small particles that, upon further 
coalescence and growth, produces “wet” or so called “green granules” (Tardos, Khan, and 
Mort 1997; Ennis, Tardos and Pfeffer, 1991; Iveson, Lister, Hapgood, and Ennis, 2001). 
Strong solid bridges that hold the granule together develop from liquid bridges during a 
subsequent drying stage. 
Traditional granulation theory assumes that a binder such as a polymer is required to hold 
particles together from the onset of granule formation in the granulator and is dried. It has 
also been accepted to despite the solubility of the some pharmaceutical excipients in their 
granulation liquid, the polymeric binder is still required to assure appropriate granule 
strength. Experimental studies in progress, reveal that excipients that are strongly soluble in 
the liquid binder play an important role in the formation and strength of solid bridges inside a 
granule (Bika, Tardos, Farber and Michaels, 2002). Another study by Farber and Tardos 
(2003) shows how pure solutions of some excipients such as lactose and mannitol behave. 
The process of solid bridge formation using these materials and consequently their 
microstructural phase and composition was studied. 
The formation and strength of liquid bridges between fine particles has been studied 
extensively  (Ennis, Li, Tardos and Pfeffer, 1990) and  more recently, Pepin, Simons, 
Blanchon, Rossetti, and Couarraze (2001) applied the knowledge gained from studying 
these bridges to the strength of moist agglomerates such as “green granules”. Conversely, 
solid bridges have been studied to a much lesser degree.  A short subsection where the 
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basic assumption was that the material in the solidified bridge had identical properties as the 
material of the particles it held together can be found in in Handbook of Powder Technology 
(1997). Furthermore, Tardos and Gupta (1996)  showed that solid bridge properties strongly 
depend on the composition and drying rate of the bridge itself. 
In a study by Farber, Tardos and Michaels (2003), the microstructure of the individual solid 
bridges and its time evolution was observed in an effort to understand the factors that 
determine inter-particle bridge strength in dry granules. To develop an insight into the 
differences   that may occur from excipients produced by different manufacturers, lactose 
and mannitol were used as representative pharmaceutical excipients. Samples of lactose 
obtained from different suppliers were also used to fulfil this criterion. Two different bridge 
geometries were investigated and each geometry is displayed in Figure 37. 
 
 
 
 
 
 
 
For the first geometry (Figure 38a), a droplet of saturated solution was dropped from a 
syringe from approximately 1 cm distance on a conventional microscope glass slide. The 
glass slide had been cleaned by immersing it into a soap solution followed by rinsing in de-
ionized water and drying with compressed air. In the second geometry (Figure 38b), several 
solid particles of either the same excipient or microcrystalline cellulose (Avicel PH101) were 
placed on the slide. These were added to observe the effect of seeding the crystallization of 
the bridge. In the third geometry (Figure 38c) a droplet was dropped on a clean microscope 
slide with a syringe, and a second glass was slide was placed into contact with the droplet. 
This resulted in the formation of a liquid bridge between the two slides as the liquid was 
instantly redistributed. Immediately after the bridge was formed, the slides were pulled 
slightly apart and fixed, hence the distance between the slides was constant through each 
drying experiment. On the whole, the distance between the slides varied in a range of 0.6-
1mm. Each experiment was monitored using optical microscopy and all experiments were 
 
 
a) b) 
c) 
Figure 38: Schematic representation of model interparticle bridges; a) droplet on a slide; b) 
droplet on a slide with several grains of the original powder used as nucleating agents and c) 
bridges between two microscope glass slides. (Farber, Tardos and Michaels, 2003) 
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performed on a bench. Typical conditions in the lab were 23ºC and 65% RH. (Farber, Tardos 
and Michaels, 2003). 
Lactose bridges that formed from an aqueous solution of α-lactose monohydrate consisted 
of α-lactose monohydrate and anhydrous β-lactose. A very viscous supersaturated solution 
was formed as an intermediate step but this solution slowly converted into the crystalline 
anhydrous β-lactose. The crystallization processes in the liquid commenced within several 
minutes but then continued for several weeks, to result in slow changes in bridge 
composition and microstructure. Significant differences in crystallisation kinetics were 
observed in bridges made from lactose produced by different manufacturers as shown in 
Figure 39 a).  
Similar conclusions could be drawn for mannitol bridges formed from an aqueous solution of 
crystalline β-mannitol which consisted of three polymorphs with complex microstructure. The 
solidification of a mannitol droplet can be seen in Figure 39b. Initially, the mannitol liquid 
bridge shrunk after which beta crystals nucleate and began to grow at the boundary of the 
bridge (Figure 39b c) arrow #1). Their growth was however, limited to the outer perimeter of 
the bridge glass interface. At a later point, bunches of needle like delta crystals (Figure 39b 
e), arrow 2) also nucleate at the glass bridge interface and start to grow. Eventually a hollow 
solid bridge was formed which consisted of several bunches of several needles which were 
delta mannitol (Figure 39b g) arrow #2). White agglomerates also begin to form and started 
to grow at the periphery of the foothold of the bridge (See Figure 39b e) and g), arrow #3). 
On the whole, this study revealed that the solidification of liquid bridges and formation of dry 
bridges from saturated solutions of lactose and mannitol is a complex, multi step process. 
Dry solid bridges were found to contain polymorphs and/ or anomeric forms that differed 
from those of the starting material. 
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Figure 39a): Solidification of lactose 
bridges produced with lactose from 
different manufacturers ( F-Foremost, M-
Megggle, D-DMV) 
 
Figure 39b: Solidification of a mannitol liquid 
bridge; (a)-(f) top view of bridge solidification; (g)-
(h) top and bottom glass slides separated after 
solidification respectively. (Farber, Tardos and 
Michaels, 2003) 
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1.5.3 Suspended drop technique 
In reviewing single droplet experiments, although many of the parameters influencing the 
product morphology qualitatively have been widely investigated, only a few quantitative 
studies have been done. In a study by Jui-Chen Lin and Gentry (1999), the effect of the 
following parameters, namely: precursor solution, initial solute concentration, solute 
solubility, solvent composition, drying temperature, initial droplet diameter and residence 
time on particle morphology was investigated. The objective of the study by Jui-Chen Lin 
and Gentry (1999) was also to develop operating protocols and quality assurance 
procedures for fine dense solid particles formation to ensure reproducible particle 
characteristics, increase yield and reduce unit cost. 
A suspended drop technique was used in this study as shown in Figure 40 for carrying out 
the single droplet experiments. The three major sections of the experimental device and their 
functions were: 
• Heated tube section: Used to heat up clean gas to dry suspended drop 
• Visual recording: Used to investigate the onset of precipitation on the droplet surface, 
general appearance and size; and 
• Suspended drop holder: Used to suspend the drop. 
  
 
 
 
 
 
 
 
 
 
Figure 40: Schematic of experimental device (Jui-Chen Lin and Gentry, 1999) 
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The compressed air was supplied and heated while flowing through the heating section. Air 
temperature at the centre of the droplet holder was measured by two precession fine wire 
thermocouples connected to a digital multimeter that measured the voltage differences. One 
of the thermocouples was used as a reference junction for the other that was placed in the 
centre of the droplet holder. By adding the voltage reference junction, it was possible to 
convert the voltage reading to temperature. Several materials each possessing different 
physical properties such as solubility, melting point, thermal conductivity, and latent heat of 
crystallization were investigated. Solutions were naturally saturated with air. The 1.0 µl 
droplets were formed with a Hamilton 2.5 µl syringe. The droplet of solution on the 
suspension filament was quickly placed over the air stream and the video camera was 
started. The complete sequence of drying was monitored with the use of a microscope. The 
morphological changes were recorded by a standard VHS tape (Jui-Chen Lin and Gentry, 
1999). 
The capillary diameter for the suspension of the droplet was measured a priori with an 
optical microscope. The droplet diameter was measured relative to the known diameter and 
an assumption was made that the initial droplets were spherical. When drying commenced, 
the droplet became deformed and appeared ellipsoidal.  
A typical experimental result from this study is displayed in Figure 41. In this graph, the 
diameter of 1.0 M KCl droplet was plotted as a function of time and drying temperature. The 
1.0 µl KCl droplet was suspended in air at 104.1ºC and 195.4ºC respectively. From the 
observations of the experiments, in the initial stages of the drying process, the droplet was 
nearly spherical and experienced shrinking. 
  
  
 
 
 
 
  
Figure 41: Effect of drying temperature 
(Jui-Chen Lin and Gentry, 1999) 
Figure 42: Effect of Heat of Crystallization 
(Jui-Chen Lin and Gentry, 1999) 
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In this period, plots like that in Figure 41 were found to be very similar. Under drying at a 
higher temperature, fragmentation occurred and produced an irregular particle shape. Figure 
42 illustrates the diameter history of suspended droplets at various initial concentrations. 
This study also shows that the droplets with higher initial concentration start crystallization 
earlier than those with initial lower concentration.   
The single droplet technique in this PhD study also incorporates the ability to heat up drying 
droplets to different maximum temperatures. While the droplets were not suspended in air as 
in the previously described study, the morphological changes to the single droplets were 
recorded by a macroscope. The effect of initial concentration was also investigated as well 
as the effect of the initial particle shape in experiments emulating the latter stages of drying a 
slurry. 
 
Single droplet experiments using ultra sonic levitation have also been carried out to 
investigate single droplet drying and in a study by Brask et al (2007), a system was based on 
the optimum acoustic design by Lierke (2002) was devised. Its design was modified to 
accommodate an advanced gas conditioning chamber and a droplet injection system 
enabling experiments higher temperatures (>70ºC) and smaller droplets than previous 
designs with ultra sonic levitation. The system was reported to be capable of emulating the 
drying conditions at a given location inside an industrial spray dryer except very close to the 
atomization region where the slip velocity and temperature where extremely high (Brask et al 
2007).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 43: Illustration of the levitation device. The droplet is enclosed in a chamber (not 
shown) which is mounted to fit around the horn and reflector (Brask et al, 2007) 
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Evaporation experiments with water at various temperatures and slip velocities were carried 
out with this technique and the results obtained were reported to be in agreement with 
theoretical predictions. An illustration of the ultra sonic levitator device can be seen in Figure 
43.The experimental set up for the levitation device as shown in Figure 43 essentially 
consists of 4 sections:  
 
• Section 1: A levitator consisting of an ultrasonic horn and a concave reflector. 
• Section 2: An optical system consisting of a diffuse light source and a CCD camera 
with a powerful magnifying lens. 
• Section 3: A gas conditioning system controlling the temperature, slip velocity and 
humidity of the drying environment. 
• Section 4: A droplet injection system consisting of a piezo driven drop-on-demand 
system and a mechanical actuator. 
 
The levitator was operated at 58 kHz with the horn and reflector spaced 5/2 wavelengths 
apart in order to generate a standing wave with 5 pressure nodes. At room temperature the 
wave length was  λ = 5.9mm. In each pressure node it was possible to levitate droplet with 
diameters in the size range between 50-2000 µm. The custom design reflector contained a 
multitude of holes that could be connected to the gas conditioning system. The relationship 
between the slip velocity at the droplet position and the gas flow was found using 
computational fluid dynamics. 
 
The optical system consisted of a CCD camera and a zoom lens. The droplet was 
illuminated from the back. This caused the light to scatter allowing for a transparent droplet 
to appear black except at the centre.  
 
 
 
 
 
 
 
 
 
 
Figure 44: Image series of a levitated droplet of 10% wt.% 1:9 paracetamol and PVP 
ethanol solution. (Brask et al). The droplet size (diameter) goes from 366µm to 208µm in 
about 20 s. 
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The single droplet technique in this PhD thesis allows for the monitoring of the droplets 
microstructural evolution during drying. This feature makes it different from the above 
mentioned levitator technique. This study by Brask et al does introduce the combination of 
computational methods and experimental work to this review of single drople 
t drying. In the following section of this thesis, single droplet drying and particle formation 
from a computational modelling perspective will be reviewed. This was done to provide a 
useful insight into the depth of experimental work that is possible before relying on 
computational methods. It also provides an interesting insight into the experimental 
considerations and the assumptions made when working from this perspective.  
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1.6 Single droplet models 
 
A vast majority of the initial models developed for drying of a single droplet were based on 
the assumption that the temperature within the droplet is constant. The validity of this 
assumption has been debated in literature which has shown that four different approaches 
have been developed to describe the drying of a single droplet. 
 
The first of these was adopted by investigators (Sano and Keey, 1982; Stevenson, Chen, 
and Fletcher, 1998; Wijlhuizen, Kerkhof and Bruin, 1979) who studied the drying of milk 
droplets. The assumption here was that that the water diffused through the solid and 
evaporated at the surface of the droplet which was uniform in temperature. The diffusion of 
water was described by the diffusion equation with the use of an effective diffusivity which is 
very different from the molecular diffusivity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Unfortunately, measuring such diffusivity from independent experiments is difficult, as it is a 
parameter which varies significantly with moisture content. The second approach found in 
 
 
Receding 
crust-bulk interface 
Crust
Water (Milk droplet) 
Bulk 
Water evaporating 
from droplet surface 
Solid 
(a) (b) 
Figure 45: Constant temperature models (a) A diagram illustrating based on the first approach by 
Stevenson et al (1998) (drying of a milk droplet) (b) A diagram illustrating based on the second 
approach by Nesic (1989) (crust formation). 
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literature based itself on the formation of crust, with a receding crust-bulk interface (Nesic 
1989). In this approach, the droplet was also assumed to have a uniform temperature. The 
diffusion of water vapour through the crust was described by the diffusion equation, with a 
concentration-dependent diffusivity. Although the experimental measurements were 
exceptional, the values of diffusivity were calculated from the same experiments, which 
possibly explained the strong relationship between the experiments and the model 
prediction. Furthermore, the crust sensible heat, which has an effect on the calculated 
droplet temperature and the later periods of drying, was ignored. 
The third model proposed in the literature was based on a (proper) receding interface model 
with a droplet core temperature different from that of the surface temperature. (Cheong, 
Jefferys and Mumford, 1986). However, the core temperature was not linked to the wet bulb 
temperature of the air. The model was simplified by neglecting the sensible heating of the 
crust, but was complicated by the requirements of solving the diffusion equation in the crust. 
This increased the number of physical parameters that had to be solved experimentally. The 
assumption of linear temperature distribution in the crust was the major disadvantage of this 
analysis which may be correct only for flat geometry and not for a spherical one. 
 
The fourth approach used reaction engineering methodology to describe the drying of a 
single droplet of milk (Chen and Xie, 1997). Both temperature and water concentration 
distributions in the droplet were neglected in this approach. As the amount of water in the 
droplet was reduced, the effective water vapour pressure at the surface was reduced was 
also reduced resulting in the continuous reduction in drying rate but not with the measured 
droplet temperature. The predictions from this model conformed well with the measured 
drying rate but not with the measured droplet temperature. The model was later modified by 
incorporation of the mass transfer resistance of the crust. (Chen et al. 1999). This modified 
model is very useful computations and is semi-empirical in nature. 
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1.6.1 Droplet temperature distribution 
 
The droplet temperature distribution in these approaches were neglected based on the 
assumption that its Biot number is small. However, for such an assumption to be correct, a 
droplet’s Biot number must be less than 0.1 (Mils, 1992) which for even very small droplets 
can never be true, except for the early stages of drying . The Biot number (Bi) of a droplet 
may be calculated as follows: 
                                                
                                           
 
 
 
The Nusselt number (Nu) for air flowing around a spherical body can be calculated from the 
following correlation in literature or from the following equation (Mils, 1992): 
                                          Nu = 2 + 0.65 Re0.5 Pr0.33                                       
 
For example, with the use of equation 6, air flowing across a 2 mm-diameter droplet at a 
temperature of 90˚ and a velocity of 1 ms-1 can be calculated to produce a value of 6.0. This 
value decreases to about 3.0 for smaller droplets (about 200µm) as commonly found in 
industrial spray driers. The thermal conductivity of air (ka) is 0.003 Js-1m-1K-1 (Mils, 1992) at 
the normal operating condition of spray dryers. At the initial stages of drying, the thermal 
conductivity of 20 wt% skim milk is 0.5-0.6 Js-1m-1K-1 (Bylund 1995), which is similar to that 
of water. As calculated from equation 5, the corresponding value of Biot number is 
approximately 0.15, therefore, the droplet temperature distribution can be neglected.  
However, as drying progresses, the Biot number increases to values greater than one 
because the thermal conductivity of the droplet decreases by one order of magnitude. The 
assumption of no temperature distribution in the droplet is therefore invalid under such a 
condition. A droplet’s Biot number is not small because of the fact that the droplet is smaller 
in size. Equations 5 and 6 show that for a droplet 200µm in diameter, the Biot number is only 
half that of the 2mm diameter droplet and hence some temperature distribution is expected 
even with such a small droplet. 
where, Re= Reynolds number, Pr = Prandtl number 
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where  
h= air heat transfer coefficient, J kg-1K-1,   
 ks= thermal conductivity of droplet (crust or core),J s−1 m−1 K−1 
R = radius of droplet, m                                    
 ks = thermal conductivity of droplet core, ka = thermal conductivity of air 
Equation 5 
Equation 6 
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Furthermore, in the previously discussed approaches, based on the range of values used for 
effective mass diffusivity and the corresponding range of values used for thermal diffusivity, 
the calculated Lewis number (Le = α/D) will vary from 0.06 to 0.1. This indicates that the 
process is not mass diffusion control as assumed by most of the investigators but rather, 
thermal diffusion control. It is then quite obvious that the temperature distribution in the 
droplet cannot be neglected except at the very early stages of drying.  Although much of the 
discussed literature on singe droplet drying has been based on the drying of milk droplets, 
this current study is focussed on the drying of pharmaceutical formulations for 
pharmaceutical applications. 
A model for the drying of a single droplet of liquid containing solid that accounts for both 
temperature distribution within the droplet and droplet shrinkage has been developed by 
Farid (2003). It was supported by the calculated Biot number of greater than one and the 
model also confirmed that temperature distribution within the droplet cannot be neglected 
even for droplets with small diameters of 200µm. The only assumption made here was that 
the droplet remained spherical in shape and that the fluid internal circulation in the droplet 
was negligible, which is realistic due to its small size.   
However, in this study, the droplet fluid internal circulation and microstructure configuration 
is of significant interest. Although Farid’s macroscopic medium approach is insufficient for 
this goal, computational methodology for the realisation, characterisation and calculation of 
effective transport properties of wetted random close packed structures of poly-disperse 
particles has been recently described (Kohout, Collier, and Stepanek 2005) . In this previous 
work, microstructure characterisation (mesoscopic scale) was achieved by the calculation of 
phase volume fractions, internal surface area, correlation lengths, and other morphological 
measures of microstructure. Solutions of transport equations were realised by the solution of 
Fick’s Law, Fourier’s law and Stokes equation on a computational domain defined by the 
distribution of phases in the unit cell with an imposed macroscopic gradient of temperature, 
concentration, or pressure.  Transport properties (thermal conductivity, effective diffusivity, 
permeability) were evaluated from converged temperature, concentration, and velocity fields 
according to the mesoscopic  transport laws.  Prior to this work, a power-law correlation for 
estimating the effective conductivity, valid over a wide range of Phase volume fractions 
relative conductivities of components, had been proposed (Kohout, Collier, and Stepanek 
2004) . For a binary system A-B, this equation is stated below: 
                                          ( ) AcBABe x λλλλ +−=                                           Equation 7 
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Where λe = effective thermal conductivity, xB = volume fraction of phase B, c depends on the 
ratio of conductivities λA/λB and λA and λB = thermal conductivity of component A and B 
respectively.  
 
It was reported also that for thermal conductivity of ternary and generally n-ary systems, 
equation 7 can be applied hierarchically by defining a sequence of binary 
psuedocomponents and interpolating between them. For example, in this current study (a 
gas-liquid-solid system), one would first estimate the conductivity of the binary systems Gas-
Solid (G-S) and Liquid-Solid (L-S) using the actual volume fraction of the solid phase xs. 
Then the suitable value of the component c would  be found for L-S and G-S. Finally an 
interpolation between the “dry” (G-S) and “wet” (L-S) psuedocomponents using the relative 
volume fraction of the liquid phase would be carried out. 
 
 
 
 
 
 
None the less, due to the significance of the development of Farid’s single droplet model to 
the general understanding of single droplet drying, the details of this model will be outlined 
and examined. The model assumed that the stages involved in the drying of the droplet were 
as shown in Figure 47. 
 
 
 
 
 
 
 
 
(b)   (a)   
Figure 46: (a)  An example of a meso-scale 
model displaying the microstructure of a 
simulated packed bed of a binary mixture of 
non- spherical particles partially saturated by a 
liquid in 3D (Kohout, Collier, and Stepanek 
2005) (b) An example of a macroscale model 
of a dried droplet (Farid, 2003). 
55
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Droplet Centre 
 Temperature 
 
Figure 47: The different stages of drying of a liquid droplet containing solid 
(Farid, 2003) 
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In this previous work, the droplet was initially heated by the air with no substantial 
evaporation occurring until its surface reaches the air wet bulb temperature as shown by 
path A to B in the above diagram. The heat conduction equation below was used to 
calculate the temperature distribution within the droplet during this stage. 
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r = radial position, m 
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Equation 8 
 
 T = temperature, °C 
Equation 8 was solved with the following boundary conditions using explicit finite 
differences: 
                                                  0=
dr
dT
 at r = 0,                                                         Equation 9 
                                    ( ∞−=− TThdr
dTk s )     at  r = R ,                                              Equation 10 
The droplet then experienced shrinkage with negligible temperature change as shown by 
path B to C in figure 1. During this period, the droplet temperature remained at the  wet 
bulb temperature as reported in previous studies (Nesic 1989; Stevenson, Chen, and 
Fletcher 1998; Wijlhuizen, Kerkhof, & Bruin 1979). It is acceptable to assume uniform 
droplet temperature during this period due to the low Biot number of the droplet as 
previously discussed. The shrinkage continued until a fixed rigid shape was formed and 
maintained due to the presence of the solid. Throughout this period, the heat transfer 
coefficient varied based on equation 6, which can be simplified to the following: 
 
                        
RR
a γ+kh = ,                                               Equation 11 
 where γ = 0.046ka(ρ/μ)1/2Pr1/3u1/2 based on equation 6. 
Pr = air Prandtl number, dimensionless 
µ= viscosity of air, Kgm-1s-1 
u = air velocity, m s-1 
ρ = density of air, Kgm-3 
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According to Farid, it was also acceptable to assume that all the heat transferred to the 
droplet would be utilised for evaporation since the droplet experienced no temperature 
change during shrinkage. The leadS to the following equation for the description of the 
change in droplet size (radius) with time during this period: 
 
                                                                                                             
 
 
 
Advancing from the period of shrinkage, it was reported that evaporation continued to occur 
while a moving interface was formed. This interface was assumed to remain at the wet bulb 
temperature as shown by path C to D and from D to E in Figure 47.  The interface was 
assumed to separate the droplets into two region; the dry crust and the inner wet core and 
also assumed to move inwardly.  The wet core was assumed to have the same amount of 
water content as acquired at the end of the shrinkage period. The dry crust was assumed to 
possess a small amount of bound water with the solid. Based on the assumption that both 
the external convection and internal conduction heat transfer controls the drying process, 
this new approach provided a unique insight into the physics of droplet drying.  
The formation of a primary thin crust was required to commence the numerical computation 
in this period. The time required for the formation of the thin crust was evaluated based on a 
simple energy balance along the surface of the droplet  as done in other applications (Farid 
and Mohammad 1987).  As a result of this calculation, detailed information on the 
temperature distribution within the crust and the core was provided. This now aided the 
calculation of the average droplet temperature (Tav) with the use of temperature calculated at 
different radial positions. 
On completion of drying, equation 8 was solved again for the final heating of the dried 
droplet with the use of the physical properties of the crust. This is shown in path E to F in 
Figure 47.  
 
 
 
where; 
T∞ = air temperature, °C 
Twb = air wet-bulb temperature, °C 
ρav = average density of droplet, kg m-3 
( )wb
av
TTh
dt
dR −−= ∞λρ  Equation 12 
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1.6.2 Static models 
 
The packing of particles has been extensively studied for many years on account of their 
interesting geometrical properties, technological significance and usefulness in scientific and 
engineering troubleshooting. It is generally accepted that the improvement of the packing 
degree of particulate systems can enhance the performance of existing materials and may 
advance fundamental engineering properties: strength, modulus of elasticity creep and 
shrinkage. In addition to this, due to a reduction in the volume of the binder from an 
improved packing configuration, valuable savings can be made in the system (Sobolev and 
Amirjanov, 2004).  The problem of the optimal arrangement of particles in a system was 
instigated with the demand for a better understanding of material structure and engineering 
problems related to the military, trade and transportation.  
It is important to understand the relationship between packing density and particle shape as 
it is beneficial to different applications.  In the dynamics of drying, a change in particle aspect 
ratio changes cake permeability, hence, depending on the application, the desirable packing 
density will vary.  This can be confirmed in the study introducing simulation techniques for 
creating dense random packing of hard particles by mechanical contraction (Williams & 
Philipse, 2003). The finding of this study revealed that a small deviation in shape from 
spherical, could increase the random packing density significantly without crystallization.  
Depending on the spatial pattern of particle location, particle packing of granular media may 
be classified into two types: ordered packing and random packing. Ordered packing is 
carried out by systematically placing particles into periodic positions, while random packing 
is achieved using a sequence of packing events that lead to particles not being correlated 
with each other with regards to their locations in the matrix. This study focuses on random 
packing, hence allowing it to be applicable to a vast variety of particulate systems involving 
the random distribution of particles. Two types of random packing have been generally 
reported in the literature packing. These include dense random packing, with a packing 
density of 0.8225 in 2D/0.633 in 3D and loose random packing with a packing density of 0.73 
in 2D/0.601 in 3D (Cheng, Guo, and Lai 2000).  
 
 
 
 
(a) (b) 
Figure 48: (a) an example of ordered packing  (b) An example of random packing 
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The packing of binary and polydisperse unimodal and bimodal ensembles of hard spheres in 
the limit of high pressure has been studied using a sequential addition algorithm (Santiso & 
Muller, 2005).  In all the cases studied it was observed that the presence of a non-
homogeneous distribution of sizes (be it by mixing or by a polydispersity of a unimodal 
distribution) increases the overall dense packing fraction of the system. Furthermore, even in 
the simplest case of a binary mixture, the packing fraction may be larger than the highest 
packing available for monodisperse systems. 
The packing fraction (η) is customarily defined as: 
                               ∑= VViη                                                  
where V i is the volume of a given particle in an ensemble, the sum running over all particles 
in the ensemble, and V refers to the total available volume. 
Random packings of grains of arbitrary shape have also been built with an algorithm that is 
mostly applied to spheres, ellipsoids, cylinders, and parallelepipeds (Coelho, Thovert, & 
Adler, 1997). This work featured a systematic account of the main geometrical properties 
such as the porosity, the reduced specific area. The conductivity, permeability and the 
dispersion were also systematically determined and they were shown not to depend upon 
their mode of construction. In fact, except for oblate ellipsoids, which yield highly ordered 
structures, all the beds with identical porosities were found to share almost identical 
conductivities, permeabilities, and dispersion coefficients, regardless of grain shape or 
construction mode. This implies the existence of a very general class of ‘‘random 
unconsolidated granular media,’’ whose transport coefficients depend only upon porosity and 
an equivalent grain size. It also explained the good agreement always obtained between 
numerical simulations and experimental observations for all the transport processes.  
Previous analytical and experimental studies on the packing problem have characterized it 
using several parameters such as the packing density and coordination number. The latter is 
defined as the average number of contacts a particle has with other particles while the 
former is the volume fraction of the particles. 
The study of such physical assemblies is extremely arduous. The slightest variation in 
sphere diameters and the limited measuring accuracy can result to appreciable uncertainties 
in the radial distribution function and geometry of the packing. Consequently, numerous 
attempts have been made to generate random packing of spheres with the use of computers 
(Jodrey & Tory 1981;Nolan & Kavanagh 1992). The dense random packing has been 
Equation 13 
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acquired by subjecting particles to a stimulated “central field” packing scheme and constantly 
filling the gaps formed between the particles. The loose random packing model has been 
achieved by the application of simplified settling mechanism to all particles. 
However, the bulk of these previous approaches neglects the details of physical 
mechanisms and provides no information on the time evolution of the system. Hence, the 
packing characteristics of real spherical particles for sintering are unclear, as these particles 
are often rough and small. Presently, one of the greatest challenges in material science and 
physics is the macroscopic description of the material behaviour of granular materials like 
sand that are inhomogeneous, non linear, disordered, and anisotropic on a “microscopic” 
scale. Reasons for this include the contact network of the static structure formed by the 
grains, the inhomogeneous stress distribution in granular assemblies and the corresponding 
force-network (Luding 2004) . The existence of fluctuations of contact forces and a 
reorganisation of the network due to deformation can lead to a restructuring of those.  For 
example, when an originally isotropic contact network is deformed, the product is often 
anisotropic in structure. None the less, Cheng et al presented a distinct element method for 
understanding effects of the different physical parameters on particle rearrangement, 
coordinate number, and packing density. The DEM was initially introduced by Cundall  
(1971) for the investigation of rock mechanics and was later applied soil mechanics ( Cundall 
and Strack, 1979). 
Like the methodology in the work by Cheng et al. (2000), the particles in this study will be 
placed randomly inside a box without overlapping with one another and be allowed to settle 
according to the principle of DEM and the parameters of the assembly will be calculated. 
However, unlike Cheng et al (2000), mono-sized spherical particles will not be examined in 
this study. These in turn will be replaced with anisotropic particles. Also unlike Cheng et al 
(2000), the models presented in this study will be applicable to 3D systems. 
In the use of DEM to simulate the movement of particles and the interaction between 
particles and wall of box, the particles have often been monosized spherical and designated 
by the coordinates of their centres and their radii (Cheng, Guo, and Lai 2000) . The typical 
forces involved are the gravity force, the contact force between particles touching each other 
and in the particle-wall interface, the frictional force at the contact between the particles and 
in the particle wall interface, van der Waals interaction (VDWI) between the particles at close 
proximity. 
However the development of a similar methodology that applies to granular material of 
complex-shaped grains is most useful to this study. Such is the nature of the Bonded-
Particle Model (BPM) for rock (Potyondy and Cundall, 2004) . In this report, it is not only 
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argued that a rock behaves like a cemented granular material of complex grains in which 
both the grains and the cement are deformable and may break, but also that the conceptual 
model in principle explains all aspects of the mechanical behaviour of both materials. 
This unique system was achieved by simulating the mechanical behaviour of a collection of 
non-uniform-sized circular or spherical rigid particles that may be bonded together at their 
contact points. The rigid particles interacted only at soft contacts, which had finite normal 
and shear stiffness. The movement of each particle and the force and moment acting at 
each contact described the mechanical behaviour of the system. The fundamental 
relationship between particle motion and the resultant forces and moments causing the 
motion was provided by Newton’s Law.   
The term “particle” in this paper denoted a body occupying a finite amount of space, as 
suppose to the more common mechanical definition where it is defined as a body of 
negligible size that occupies a single point in space. In the BPM, the following assumptions 
are inherent. 
1. The particles are circular or spherical rigid bodies with a finite mass. 
2. The particle move independently of one another and both rotate and translate. 
3. The particles interact only at contacts; because the particles are circular or spherical, 
a contact is comprised exactly of two particles. 
4. Bonds of finite stiffness can exist in contacts, and these bonds carry loads and can 
break. The particles at a bonded contact need to overlap. 
5. The particles are allowed to overlap one another, and all overlaps are small in 
relation to particle size such that contacts occur over a small region (i.e, at a point). 
6. Generalised force-displacement laws at each contact relate relative particle motion to 
force and moment at the contact. 
 
In this DEM, the interaction of the particles was treated as a dynamic process with states of 
equilibrium being developed whenever internal forces balance. Its dynamic behaviour was 
represented numerically by a time stepping algorithm in which the velocities and 
accelerations are assumed to be constant within each time step. 
The DEM was also based on the idea that the time step chosen may be so small that, during 
a single time step, the disturbances cannot propagate from any particle farther than its 
immediate neighbours. As noted previously in the work by Cheng et al (2000), the DEM used 
for this model was initially introduced by Cundall (Cundall 1971). 
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The total force and moment acting at each cemented contact is composed of a force arising 
from particle-particle overlap, and a force and moment conveyed by the parallel bond. r. 
These quantities contributed to the moment acting on the two particles. Hence, if a parallel 
bond was absent at a contact, then only the grain-based portion of the force displacement 
behaviour occurs. The interest of this study focuses on grain behaviour, hence the parallel 
bond and cement behaviour will not be discussed at length. 
The six parameters that described the grain-based portion of the force-displacement 
behaviour included: the normal and shear stiffness, the friction coefficient of the two 
contacting particles. Whenever two particles were overlapping, a contact was believed to be 
formed at the centre of the overlapping region along the line joining the particle centres and 
two linear springs inserted (with stiffnesses derived from the particle stiffnesses assuming 
that the two particle springs act in series) along with a slider in the shear direction. 
The contact force vector was resolved into normal and shear components with respect to the 
contact plane and the shear force was computed in an incremental manner. Subsequently, 
each relative shear-displacement increment generated an increment of elastic shear force.  
In this study by Potyondy and Cundall (2004), particle size controlled the resolution of the 
BPM model but it was found not to be a free parameter. It was recommended that when 
modelling damage processes for which macroscopic fractures were formed, the particle size 
and model properties should be chosen to match the material fracture toughness as well as 
the unconfined compressive strength.  This severely limits the size of a region that can be 
represented with a BPM (Bonded-Particle Model) as the current micro property 
characterization is such that the particle size must be chosen to be of the same order as the 
grain size. Furthermore, it was also found that unless the BPM was embedded within a large 
continuum model, computations were time consuming and limited to small volumes of rock. 
However, despite the limitations noted above, BPMs were reported to have a number of 
advantages when compared with conventional continuum approaches.  
These include: 
• Damage and its evolution are explicitly represented in the BPM as broken bonds. 
• No empirical relations are needed to define damage or to quantify its effect on 
material behaviour.  
• Localised micro cracks form and coalesce into macroscopic fractures without the 
need for re-meshing or grid reformulation. 
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• Complex non-linear behaviours arises emergent features, given simple behaviours 
on the particle level; thus, there is no need to develop constitutive laws to represent 
these effects. 
• BPMs provide a rotational means of incorporating additional physical processes that 
occur at the grain scale, such as fluid flow, stress corrosion and thermal loading. 
 
1.6.3 Dynamic models 
 
A considerable amount of work has also been done to develop relationships between 
structural characteristics and the strength of agglomerates. These were attempts to elucidate 
the connection between agglomerate behaviour at micro- and macroscopic levels. One  such 
study reported an approach based on energy requirement for crack growth following the 
linear elastic fracture mechanics (Rumpf, 1962). Another study included an approach was 
based on a simple force balance or separating the bonds (Samimi et al. 2003) . However, 
these models do not correlate the considered mechanical properties of the material with its 
breakage behaviour. While there are no theoretical or empirical models explaining how the 
bond strength and the microscopic mode of failure affect the patterns of agglomerate 
breakage, Subero and Ghadiri (2001) have reported on the various patterns of agglomerate 
breakage observed at both micro scale and macro scale level.   However, this work was 
based on a new agglomeration technique which made it possible to prepare specimens with 
a very good control of the structure. 
The development of the granule-size distribution of a particulate feed is controlled by several 
mechanisms. These primarily include nucleation, coalescence and layering. Granules can 
then be simultaneously compacted as a result of bed agitation in a process called 
consolidation and reduced in size in a process known as breakage. Nucleation refers to the 
initial formation of primary granules from fine powder. This occurs due to capillary interaction 
between a collection of individual moist particles. Coalescence occurs when two or more 
primary granules combine to form a clump or cluster and layering refers to the continuous 
growth of primary granules by the consumption of moist fines.  
The characteristics of bonds between primary granules play a vital role in granule breakage. 
The forces holding the solids together are the adhesion between the particles and the 
viscous liquid and cohesion within the liquid. In this study, the same binding agent was used 
in both of the granulation processes and therefore was not a control variable.  In order for 
two colliding primary granules to coalesce rather than break up, the collisional kinetic energy 
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must first be dissipated to prevent rebound as shown in Figure 49. Furthermore, the strength 
of the bond must resist any subsequent break up forces due to any bed agitation intensity.  
 
 
 
 
 
 
 
In a highly agitative granulation process, there is a greater opportunity for primary granules 
to extensively deform at contact, but also giving rise to strong forces acting to rupture the 
granulates during processing. The extensive deformation increases the bonding strengths 
and contact areas which serve to dissipate these break up forces. It has been reported that 
agglomerate of highly deformable primary granules strongly resist subsequent rupture 
(Samimi et al. 2003). Thus, those granulates that do survive the high agitation of the 
manufacturing process are likely to be relatively resistant to breakage subsequently. 
For low agitation processes, primary granule deformation is less extensive than in a high 
agitation process. Thus, contact areas and bonding strengths are reduced. However, 
coalescence occurs readily and the produced granulates survive easily since low agitation 
gives rise to relatively modest break up forces. These granulates tend to be of somewhat 
lower density and strength than those from high agitation processes.  
Particle breakage is often a consequence of particle-wall and inter-particle interactions. It is 
a vital issue for industries involving processing, transportation and storage of particulate 
materials. Often undesirable, finer material created from degradation can interfere with a 
process operation, hence instigating a demand to remove and recycle them in order to avoid 
loss of product. On the other hand, systematic degradation is the goal of processes like 
grinding, milling and crushing, which have the purpose of intentional particle size reduction. 
For both cases, better understanding of particle failure mechanism is crucial to control 
breakage as desired. The breakage propensity of agglomerates have been investigated in 
previous work and these have looked at single particle degradation (Samimi et al, 2001) 
Figure 49: A diagram illustrating the growth mechanisms associated with granulation. (Based 
on the study by Samimi et al. 20003). 
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One such study (Samimi, et al  2003) involved the impact testing of samples of different size 
ranges under a range of impact velocities. The samples were also from two different 
processes which resulted in one sample being more dense and spherical than the other. The 
so-called “extent of breakage” (referring to the survival rate and not the fragment size 
distribution) was determined by gravimetric analysis based on the fractional mass loss per 
impact. It was discovered that due to their structural differences, the breakage trend of the 
two types of agglomerates varied with agglomerate size. Rates of breakage always 
decreased with particle size. It was also shown that from the impact testing of samples from 
the lowest size range, the dense granules produced a higher extent of breakage compared 
to the less dense granules. As the granule size was increased however, this difference in the 
extent of breakage was gradually reduced. 
With regards to velocity, the breakage mechanism changed from chipping to fragmentation 
as the impact velocity was increased. This observation is supported and further developed 
by Subero who reported that agglomerates showed decreasing survival with increasing 
impact velocity, but that above a limiting velocity the rate of survival approached an 
asymptotic value (Subero et al. 1999).  
Furthermore, Potapov and Campbell (Potapov & Campbell 1997) provide a detailed 
explanation of the breakage mechanisms governing the velocity effect. It is revealed in their 
work that when an unbroken particle experiences an impact, tensile stresses are generated 
along any line projecting radially outward from the contact point. This generates cracks along 
these lines and this mechanism is reported to be the dominant mechanism during high 
velocity impacts. Following on from this mechanism, before the breakage of the particle is 
complete, cracks will form perpendicular to the cracks formed from the previously developed 
cracks, due to the initially described mechanism. This secondary mechanism is reported to 
occur as a result of the initial mechanism and is observed to play a larger role in low velocity 
impacts. The velocity effect is reported to be a trade off between these two modes of 
breakage. The previously described work by Samimi et al also looked at degradation under 
varying conditions including a range of temperatures and humidities (Samimi, Ghadiri, 
Boerefijn, Groot, and Kohlus 2003) . It was found that reducing the temperature increases 
the extent of breakage. It was also found that drying strengthens agglomerates presumably 
due to the solidification of bridges. In contrast, the study discovered that humidifying the 
granules decreases their strength.  
However, it is also discovered that though the size distribution of the fragments were 
affected by the impact angle, the normal component of the impact velocity is the dominant 
factor in controlling breakage. It concludes that further work is needed in this research area 
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but confirms that the tangential component of the impact velocity influences the breakage 
pattern. As mentioned earlier, Subero and Ghadiri provide a useful insight into the breakage 
pattern of agglomerates and inter-particle bond (Subero and Ghadiri 2001). It was found in 
this study that two main types of breakage patterns exist. In the first type, the damage is 
restricted to the impact area and this region is reduced to fines. This pattern was termed 
localised disintegration. The second type of breakage consisted of local disintegration of the 
impact site and the propagation of large cracks into the body of the agglomerate. This 
pattern was termed fragmentation.  
The different patterns of breakage were reported to arise partly from minor variations in the 
overall agglomerate structure. It was discovered that agglomerates with a high local macro-
void density resulted in a weak structure. Alternatively, if the local structure is strong as a 
result of a lower macro-void number/size, the load can be better transmitted into the granule 
bulk on impact, hence increasing the possibility of fragmentation. 
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2 Methodology 
 
2.1 Experimental objectives 
 
The extensive use of spray drying in the pharmaceutical industry has been previously 
discussed as well as the need to better understand the morphological changes that occur in 
the process. The main goal of this study focuses on investigating the single droplet 
technique, to see if its results are analogous to those produced with that of the spray dryer 
and can therefore serve as a “predictive tool” during process scale-up. In order to achieve 
this target, three conditions of drying have been investigated. The conditions are: “Dissolved” 
condition, “Partially dissolved” condition and “No dissolution” condition. The descriptive title 
i.e. “dissolved”, “partially dissolved” and “no dissolution” of these three conditions, refer to 
the state of the samples for each category, at the start of each experiment, at room 
temperature. 
In the experiments under “Dissolved” condition, the objective was to observe a stage of 
drying where only steady state growth of the solid phase was occurring from a clear solution 
(homogeneous nucleation). In the experiments under “Partially dissolved” condition, the 
objective was to observe a stage of drying where both steady state growth and crystallization 
aided by seeding was occurring. In the experiments under the “No dissolution” condition, the 
objective was to observe a stage of drying where a new solid phase would not form but 
particle rearrangement within an evaporating droplet could be observed. The latter two 
conditions were analogous to the drying of a slurry while the first condition was comparable 
to the drying of a solution. In actual spray drying processes, all three conditions can occur 
simultaneously to some extent, but in order to facilitate experimental analysis, we aimed to 
observe them initially in isolation. 
 
 
 
 
 
 
 
a) b) d) 
c) 
Figure 50: An illustration to show the design of the experiments carried out in this study a) 
“Dissolved condition” b) “Partially dissolved” condition c) “No dissolution” condition- Needle 
shape d) “No dissolution” condition – Spherical shape. 
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In order to fully investigate each condition of drying, in the experiments under “Dissolved” 
and “Partially dissolved” conditions, five different materials were dried with both the spray 
dryer and single droplet technique. For each material, different droplet concentrations were 
investigated ranging from concentrations under and above their respective saturation points 
in order to fulfil the conditional criteria. 
When these were completed and sufficient results produced, single droplet experiments 
under the “No dissolution” condition were carried out. For this condition, the effect of 
temperature and particle shape was investigated. The investigated shapes of suspended 
particles were needle and spherical shape.  
A key feature of the single droplet technique proposed by this study is its ability to monitor 
the micro-structural evolution of the drying droplet.  Hence, by carrying out drying 
experiments with a spray dryer and with this single droplet technique, the resulting final 
morphologies from both techniques could be compared, while the sequential images from 
the single droplet technique could further help to explain some of the mechanisms behind 
the produced morphologies.  
 
2.2 Investigated materials 
 
In this study, the materials used for both the “dissolved” and “partially dissolved” conditions 
were: Hydroxypropylmethylcellulose (HPMC, Fisher Scientific), Monosodium Glutamate 
(MSG, Fisher Scientific), Sodium Carbonate (Na2CO3, Fisher Scientific), Acetylsalicylic acid 
(Aspirin, Fisher Scientific), Lactose (Fisher Scientific), deionised water and acetone (80%, 
Fisher Scientific). All of these materials were chosen for their varying solubility in water apart 
from HPMC which was dissolved in acetone.  
 
As well as its use in ophthalmic liquids, HPMC has been used as an ingredient in oral 
tabletting and capsule formations, where it used to delay the release of a medicinal 
compound into the digestive tract (De Silva, 2005).  The solubility of HPMC in acetone at 
different temperatures can be seen in Table 1d). MSG is a sodium salt of the non essential 
amino acid glutamic acid. It is used as a food additive and marketed commonly as a flavour 
enhancer (Sand & Jordan, 2005). The solubility of HPMC in acetone at different 
temperatures can be seen in Table 1a). The most significant use of Sodium carbonate is for 
the manufacture of glass but it is also used for manufacturing detergent It is also used as a 
pH regulator to sustain stable alkaline conditions. The solubility of sodium carbonate in water 
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is 30g/100ml at 20ºC (Keifer, 2002).  The solubility of sodium carbonate in acetone at 
different temperatures can be seen in Table 1b). Aspirin is a salicylate drug and it is 
commonly used as an analgesic to alleviate minor aches and pains (Lewis et al, 1983). The 
solubility of sodium carbonate in acetone at different temperatures can be seen in Table 1e). 
Lactose is a sugar found particularly in milk and it makes up approximately 2-8% of this 
much consumed beverage (Machado et al., 2000). The solubility of lactose in water at 
different temperatures can be seen in Table 1c).  
 
The materials used in the “no dissolution” experiments were: Benzoic acid (Fisher Scientific), 
Ballotini glass beads (90µm, Fisher Scientific) and deionised water. These materials were 
chosen for their poor solubility in water. Benzoic acid is a colourless crystalline solid and is 
used as a food preservative. It is also an essential precursor for the synthesis of many other 
organic substances. Ballotini beads are useful for researching under conditions where 
hydrophobicity is desirable, as it is in this section of this study. They are also spherical in 
shape which is again desirable to investigate the effect of this shape.  
 
2.3 Experimental design 
 
To prepare the samples for experimentation, the known solubility data for the various 
materials were used. For experiments under the “Dissolved condition”, the concentrations 
chosen for each material were deliberately set so that each solution would be below its 
saturation point. For experiments under the “Partially dissolved” condition, the 
concentrations chosen were all so that each solution was above its saturation point. This 
ensured that both steady state growth could and seeding crystallization could also occur. 
The table below contains the investigated materials and their masses: 
 
 
 
 
 
 
Table 1: A table to show the investigated concentrations and masses for the experiments under
“Dissolved” and “Partially dissolved” condition. 
“Dissolved” condition – Below saturation (BS) at room temperature 
Material MSG Sodium carbonate Lactose HPMC 
Solubility (g/100ml) 74g at 25°C 30g at 20 °C 18g at 25°C 9.47g at 25°C 
Mass of solid 44.4 24 12 14.4 2.55 
Volume of liquid 100ml 100 100 100 100 
“Partially Dissolved” condition – Above saturation (AS) at room temperature 
Material MSG Sodium carbonate Lactose Aspirin 
Solubility (g/100ml) 74g at 25°C 30g at 20 °C 18g at 25°C 0.46g at 25°C 
Mass of solid 148 45 36 2 
Volume of liquid 100 100 100 100 
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Table 1a): A table to show the properties of MSG and its solubility in water at different 
temperatures. (The data for the above chart was obtained experimentally in this study) 
Investigated material Monosodium glutamate (MSG) 
Molecular mass (g/mol) 169.111 
Molecular formula C5H8NNaO4 
Solubility at different temperatures 
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Sodium carbonate  Investigated material 
 
 
 
Molecular mass (g/mol) 105.99 
Molecular formula Na2CO3 
Solubility at different temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1b): A table to show the properties of Sodium carbonate and its solubility in water at
different temperatures. (The data for the above chart was obtained experimentally in this
study). 
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Table 1c): A table to show the properties of lactose and its solubility in water at different
temperatures. (Machado et al, 2000). 
Investigated material Lactose 
Molecular mass (g/mol) 342.29 
Molecular formula C12H22O11 
Solubility at different temperatures 
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Investigated material Hydroxypropylmethylcellulose (HPMC) 
 
Molecular mass 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Variable (unsubstituted structural unit =162.4). (Hodge et al, 
1950). 
Molecular formula [C6H7O2(OH)z(OCH3) x (OCH2CHOHCH3)y]n 
(Degree of substitution: z:3-(x+y), x:1.12-2.03, y:0.07-0.34). 
(Hodge et al, 1950). 
Solubility at different temperatures 
 
 
Table 1d): A table to show the properties of HPMC and its solubility in acetone at different
temperatures. (The data for the above chart was obtained experimentally in this study). 
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Investigated 
material 
Acetylsalicylic acid ( Aspirin)  
Molecular mass 180.16  
Molecular formula C9H8O4  
Solubility at different temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1e): A table to show the properties of Acetylsalicylic acid and its solubility in water at
different temperatures. Solubility at 25°C and 40°C was obtained from literature (Edwards,
1951). Solubility at 50°C was also obtained from literature (Griffiths and Mitchell, 1971).
Solubility at 80°C was obtained experimentally in this study. 
 
From the above solubility charts, it can be seen that for most of the experiments with 
investigated materials, the change in temperature during the experiments did not change its 
initial state. Lactose is the only exception as at 60°C, due to the investigated mass being 
36g/100ml of water, the state was changed from partially dissolved to fully dissolved. The 
key factor in this study is the fact that, the same prepared sample is used for both drying 
techniques allowing for their final dried micro-structural arrangement to be compared.  
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In order to make it a fair test, when the samples were made, the single droplet experiment 
was carried out first and then the rest of the same sample was then used for the spray drying 
experiment. This ensured that the sample was being investigated by the two techniques.  
 
2.4 Experimental procedure: Single droplet drying 
 
The device set up for the single droplet experiments can be seen in Figure 51. There are 4 
main components to the device, these include: A hot stage (Linkman), a heat exchanger 
unit, the monitoring device and the hydrophobic glass slides. The hot stage acted as an 
enclosed chamber where the droplet was placed, the heat exchanger supplied the heat to 
the hot stage and the monitoring device captured the images during drying. The hydrophobic 
glass slides fitted inside the hot stage and together with a pair of support structures, act as a 
“droplet holder” during experimentation.  
The system was first purged with compressed gas (air) at a rate of 0.6l/min, measured by a 
flow-meter. As shown in Figure 51, this gas was then passed through a silica gel chamber to 
remove any moisture present in it before entering the hot stage. On reaching the stage, the 
gas was directed to flow across the sample area before proceeding to exit the stage. The 
purpose of this gas flow purge was to remove condensing vapours during drying that may 
render the image obscure while being viewed through the microscope. From this stage 
onwards, the procedure is slightly different for the investigated conditions 
In the “No dissolution” experiment, a small spatula was then used to place 90 micron size 
particles of the investigated material onto the lower hydrophobic glass slide. A micro-pipette 
was then used to dose 0.2 µl of deionised water on the gathered particles. The top glass 
slide was then placed on the droplet and the sample container was placed inside the hot 
stage. Beginning at a temperature of 25°C, the sample was heated at a rate of 30°C/min to 
60°C. Image capturing commenced when the temperature reached 35°C. On reaching the 
maximum temperature, the temperature was kept constant at 60°C until the sample was 
visibly dry (i.e. no observable changes in the morphology of structure took place).  
The hot stage was then cooled to return to the start temperature of 25°C to prepare for the 
next sample. The sample container was carefully removed from the hot stage and the glass 
slides were then cleaned in preparation for the next sample. This experiment was then 
repeated nine more times for the maximum temperature of 60ºC. After completing this set of 
experiments, another 10 experiments were carried out to investigate the maximum 
temperature of 80ºC. 
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For experiments under the “No dissolution” condition, benzoic acid was used to represent 
the investigation into needle shaped particles while glass ballotini was used to represent the 
investigation into spherical shaped particle. The two investigated maximum drying 
temperatures were 60ºC and 80ºC and ten experiments were carried out for each 
temperature for a quantitative analysis of this technique. These experiments were only 
carried out on the single droplet technique. Before the single droplet experiments 
commenced, standard microscopic glass slides were treated to make them hydrophobic. 
The procedure for this process can be found in Appendix 3. Under both the “Dissolved” and 
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Fig 51: A schematic diagram to show the single droplet analysis process 
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Fig 52: A schematic diagram to illustrate the monitoring of a single droplet drying using this 
technique 
77
the “Partially dissolved” conditions, after the purge of inert gas through the system, 0.2 µl of 
the prepared solution was deposited on the bottom glass slide with the use of a micro-
pipette. The top glass was then placed on the droplet and the sample container was placed 
inside the hot stage. Beginning at a temperature of 25°C, the sample was heated at a rate of 
30°C/min to a maximum temperature of 80°C (image capturing was again commenced at 
35°C). On reaching this maximum temperature, the temperature was again kept constant 
until it was visibly clear that the sample was completely dry.  
In the experiments with HPMC and MSG, it was necessary to preheat the hot stage to this 
maximum temperature before beginning the experiment. This was done in order to facilitate 
the drying of theses droplets and to reveal the structural evolution in a reasonable time. 
 
2.4.1   Optical microscopy and Image analysis 
 
Data capturing during single droplet drying was carried out by means of a macroscope 
(Olympus Matrox macroscope) connected to a digital camera as shown in Figure 51. This 
allowed for the easy acquisition of images at any given interval as well as displaying a clear 
presentation of the sample image throughout the experiments. For both the “Dissolved” and 
“Partially dissolved conditions”, when drying was complete, the dried droplet was simply 
taking to an optical microscope (Olympus BX2) for further analysis of the produced 
morphology. 
 
 
 
 
 
 
 
 
 
 
 
ANALYSIS PATHWAY 
( a ) ( c ) ( b ) 
Fig 53: A series of photographs to show the analysis pathway from capture point to processing 
stage on “image  j”. - (a) Photo of sample when captured by digital camera - (b) Generated grey 
image of  image (a) - (c) Generated Threshold image of image (a) for measuring pixel area. 
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In the “No dissolution” condition, the images captured from the experiments were analysed 
with the use of an Image analysis software namely Image J. This allowed for a global 
pixel/cm scale to be set, in order to analyse the image area of all captured images using the 
same scale. 
For this condition, drying was monitored by the rate at which the area of the liquid in the 
sample decreased as the liquid evaporated. It was assumed the mass of the sample was 
conserved, hence, a negligible mass of solid was assumed to be taken up with the 
evaporated liquid.  
With the use of the image analysis software ImageJ, a grey scale version of each captured 
image was created. This allowed for a threshold image to be generated in order to enhance 
the contrast between the droplet and its background (See figure 53). Once a threshold 
image was created, a size scale of 50 pixels/cm was chosen for the analysis of all the 
images in this study. The area of the droplet image was then obtained from the area of the 
threshold image made available by the program.  
The area of every single image was calculated as follows. The first image taken of any given 
sample consisted of both the liquid and the particles.  However, the last image taken of any 
given sample consisted of just the dry solid particles.  
 
 
 
 
 
  
 
 
 
 
 
 
Area 
Time 
Fig 54: An illustration to show how drying was monitored by calculating the loss in area of 
the captured image a) Liquid area calculation equation b) Normalising area equation c) 
Resulting chart to show area against time. 
Normalised 
Area 
( a ) 
( b ) 
( c ) 
Last image area (t=n): Solid 
Liquid area (t) = image area (t) - Last image area    
First image area (t=0): Solid & Liquid 
Final Ratio: Area of 
initial droplet/Area of 
Normalised = 
 Area         
Area (t) 
Area (t=0) 
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Images taken in-between the first and the last image consisted of a decreasing area of water 
with a constant area of particles. Hence, subtracting the area of the last image from the area 
of all the intermediate images in a given sample, produced the area of liquid present in each 
drying stage. 
This meant that a graph could be plotted to show “liquid area” against “time” to reveal the 
drying rate in each experiment. The area plotted on the graphs were normalised against the 
initial droplet area in each experiment. 
 
2.5 Experimental procedure: Spray drying 
 
The spray dryer used in this study was the BUCHI B290 lab scale spray dryer. The drying 
conditions chosen for all the experiments in this study were first configured heuristically and 
then affirmed by the use of an energy balance equation. The energy balance equation and 
calculation can be seen in section 2.6. The conditions were determined by the combination 
of process conditions that produced a dry product. The process was initially started with 
distilled water in order to first achieve the specified drying conditions.  Typically the process 
conditions were as described below. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 55: A picture of a 
B2950 Spray Dryer (Mini 
Spray Dryer B-290, 
BUCHI Switzerland 2007) 
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Firstly, the aspirator was switched on. This generated the gas stream in the system.. The 
inlet temperature was initially set to 150°C and the heater was then switched on. The 
compressed air was also then switched on and by opening the needle valve on the flow 
control, the compressed air for feed atomisation was set to 4cm (approximately 600l/h). The 
resulting outlet temperature that was read on the flow control was 105°C. With the distilled 
water ready, the peristaltic pump was started and set to 8% (0.096 ml/s).  The outlet 
temperature defined the maximum load for the product. The inlet temperature was then 
adjusted to 180°C which produced a resulting outlet temperature of 110°C.  
The spray drying started as soon as the tube was switched from pure water to product. This 
was done manually. The outlet temperature reduced to 105°C as there was less water to 
evaporate. When all the samples had been fed into the spray dryer and drying was 
complete, the feed was switched back to pure water to clean the tube and the nozzles. After 
this, the process was then repeated to dry a different sample concentration. 
 
2.5.1     Optical microscopy and Image analysis 
 
An energy balance of the spray dryer was also carried out in the initial stages of this 
investigation. The transfer equation used for this heat balance is written below: 
 
 
Where: Ml = Liquid volumetric flow rate (m3/hr), ΔH = The latent heat of evaporation of the 
droplet. Mg = Gas volumetric flow rate (m3/hr), Cpg = Gas specific heat capacity and T is 
temperature (K). 
 
The above heat transfer equation can be explained by the statement that the energy 
supplied to the system must be greater than or equal to the energy required to evaporate the 
liquid in the system. As emphasised in Figure 56, the equation consists of 5 components. 
The first of these is the liquid volumetric flow rate. In the spray dryer this was calculated by 
dividing the volume of each sample by the time it took to feed into the spray dryer. This value 
was calculated to be 0.003 m3/hr.  
The value for the latent heat of evaporation (2272 kj/kg) was obtained from literature (Perry, 
1998). The third component was the gas volumetric flow rate. This was recorded to be 0.6 
m3/hr. The inlet temperature in the spray dryer was set in order to assure that the outlet 
)( outinggl TTCpMHM −≤Δ Equation 14 
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temperature was over 100°C. This ensured that a dried product would be produced. The 
temperature difference for this process was 75°C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 57: An illustration to show the sensitivity of the feed pump rate which was independent of 
the inlet and outlet temperature. 
Peristaltic Pump rate =  
Inlet temperature = 
180ºC 
Outlet temperature 
=105ºC 
 
Peristaltic Pump rate =   
Peristaltic Pump rate =   Wet product; System 
Dry product: Optimum 
Dry product: System 
overheats/Error message 
generated/System shuts 
down automatically 
Figure 56: An Illustration to show the energy balance for the spray dryer (Typical) 
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With all the components obtained or calculated, the equation was completed. From Figure 
56, it can be seen that the amount of energy supplied by the spray dryer was much more 
than that required to evaporate the water from each process. This excess energy affirmed 
the chosen conditions as it confirmed that more than enough heat was been supplied, hence 
our product was dry. 
 
2.5.2     Sample preparation procedure 
 
Using Table 1, the desired amount of each material was weighed using a laboratory balance 
and placed in labelled glass containers. With the use of a measuring cylinder and also as 
specified in Table 1, the required amount of liquid was also measured out. The liquids where 
then poured into the respective containers of the solids (following Table 1) and then 2 small 
magnets were dropped inside each container. The glass containers were then placed on a 
magnetic stirrer plate to either achieve a dissolved solution for the “dissolved” experiments 
or a homogenised partially dissolved solution for the “partially dissolved” experiments. For 
these experiments the glass containers remained on the magnetic stirrer as the samples 
were drawn from these containers in order to ensure that each sample was uniformly 
disperersed.  
 
2.5.3     Solubility experiment procedure 
 
With the use of a measuring cylinder, 100ml of liquid was poured into a glass container. This 
container was them immersed into a water bath. The water bath was placed on a magnetic 
stirrer hot plate. A known amount (5g for MSG, Na2CO3 and HPMC, 0.001g for Aspirin)   
that was found to easily dissolve in the liquid was weighed and poured into the container. 
Beginning at room temperature, the container was then stirred until the added amount of 
solid had dissolved. After complete dissolution, the solid amount was then increased 
incrementally (1g for MSG, Na2CO3 and HPMC and 0.4g for Aspirin). Each increment was 
recorded and it continued until the liquid was completely saturated. The last recorded mass 
before saturation was noted as the point of maximum solubility. This exercise was then 
repeated again but for each of the specified temperature (Table 1a)-e)). The desired 
temperature was first reached before the known amount was added.  
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3 Results and discussion 
 
3.1 Effect of initial concentration 
 
As previously explained, the objective of these experiments was to compare the morphology 
produced from the single droplet experiments with that produced from the spray drying 
experiments. The single droplet technique was also expected to reveal the microstructural 
evolution of the drying droplet.  
In this section each the drying results of each investigated material from both drying 
techniques have been compared. One sub-section has been devoted to each material which 
then looks at its drying performance under “dissolved” (below saturation) and “partially 
dissolved” (above saturation) conditions consecutively. The below illustration details the 
completed experiments in this study. Due to time constraints “partially dissolved” 
experiments for HPMC and “dissolved” experiments for aspirin were not carried out. 
  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
“Dissolved” “Partially dissolved” 
Molecular crystals Ionic compounds Polymer 
Lactose Aspirin Sodium carbonate MSG HPMC 
Single droplet 
experiment 
Spray drying 
experiment 
Single droplet 
experiment 
Spray drying 
experiment 
Compare results Compare results 
Fig 58: An illustration mapping the completed experiments in this study 
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 3.1.1 Effect of material and concentration: Sodium carbonate 
 
 
 
 
 
 
 
 
 
 
 
 
In the “dissolved” experiments, the concentrations for each sample were deliberately chosen 
to be below its saturation point, hence the sample solutions for the sodium carbonate 
experiments with sample containing 24g/100ml and 12g/100ml of water. Figure 60 displays 
optical microscope images of the dried image from the single droplet drying of droplets 
containing 24g sodium carbonate in 100ml of water. 
 
 
 
 
 
 
 
“Dissolved” “Partially dissolved” 
Single droplet 
experiment 
Spray drying 
experiment 
Single droplet 
experiment 
Spray drying 
experiment 
Compare results Compare results 
Ionic compounds 
Sodium carbonate 
Fig 59: An illustration mapping the completed experiments with Sodium carbonate 
  
Fig 60: Optical microscope images of dried (single droplet drying) samples containing 24g 
sodium carbonate in 100ml of water a) scale bar:500 µm b) scale bar: 200µm 
a) b) 
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From Figure 60 which shows the dried image from the single droplet drying of droplets 
containing 24g sodium carbonate in 100ml of water, a skin like crust can be seen to 
surround the dried particle structure. In direct comparison to this, Figure 61a shows the 
spray dried SEM image of a sample with the same concentration and this image also 
displays particles that seem to have a crust like shell. Figure 61b gives a clearer view that 
skin forming particles were produced in this experiment. From the single droplet sequential 
images of the drying of the 24g/100ml and 12g/100ml sodium carbonate samples, the same 
pattern of drying was observed as well as a similarity in morphology of the dried droplets. Fig 
62 shows the single droplet images from the drying of the 12g/100ml droplet.   
 
 
 
 
 
 
 
 
 
 
   
 
t= 0 t= 121 t= 432 
t= 586 
 
t= 898 
Fig 62: Single droplet images from the drying of carbonate droplet containing 12g of 
sodium carbonate in 100ml of water (t = time in seconds) 
  
a) b) 
Fig 61: a) SEM image of spray dried sample containing 24g of Sodium carbonate in 100ml of water 
b) SEM image of spray dried sample containing 12g of sodium carbonate in a 100ml of water. 
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The dried single droplet image clearly portrays the formation of micro-crystals inside the 
dried crust structure, although this can’t be seen in the equivalent SEM scan of the spray 
dried images. However, when looking at the SEM image in the “partially dissolved” 
experiment in Figure 63, a glimpse of the interior of the spray dried particles can be seen. As 
mentioned previously, the partially dissolved experiments used concentrations of sample 
solutions that were above the saturation for the given material. In this case, 45g of Sodium 
carbonate was dissolved in 100ml of water. 
 
 
 
 
 
 
 
 
In the literature review of this study, a study by Walton and Mumford discussed the formation 
of a similar morphology to that seen in Figure 29. In the study by Walton and Mumford 
(1986), it was reported that such morphology was a phenomena difficult to explain while 
suggesting only that the smaller micro-crystals could not have entered into the larger particle 
through craters or blowholes (Walton and Mumford 1986).  
The results from the single droplet drying of sodium carbonate allows for another explanation 
to be given. When drying commences in a single droplet, if the time required for the 
formation of the crust is much less than the time required for the bulk of the solution to 
evaporate, the crust is formed quickly and this provides a much higher residence time for 
nucleation to occur. This is believed to be cause for the formation of this morphology where 
smaller particles can be found inside the larger particles. 
In Figure 62 at t= 121s, the droplet had stop shrinking and the crust had formed while the 
entire content of the crust was still full of solution. At the top section of the droplet’s interface, 
the crust appears to have become semi porous, to allow liquid of the droplet. However 
exiting liquid seems to be a relationship between the exiting liquid and the thickening of the 
crust. It appears that the liquid is being transformed into crust material as it exits the liquid so 
  
Fig 63: An SEM image of the dried sample containing 45g of sodium carbonate in 
100ml of water.  
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that by t = 586s, the crust appears to be thicker. It is suspected that this could have further 
increased the residence time thereby increasing the chances for the described morphology 
to form. The illustration below highlights this drying pattern displayed by all the single droplet 
experiments with sodium carbonate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the partially dissolved experiments for this material, Figure 65 and Figure 66 allow for the 
comparison of the final morphologies from two techniques. The arrow numbered 1 in Fig 65 
which focuses on the outer section of the dried droplet, highlights the well developed skin 
formation from the single droplet experiment. This bears a strong resemblance to the skin 
forming particle seen in Figure 66.   
 
 
t = 0s End of drying 
Fig 64: A diagram illustrating the drying mechanism in effect during the drying of sodium 
carbonate single droplets. 
Crust 
Microcrystals 
 
 
 
Fig 65: An optical microscope image of 
the dried (single droplet drying) droplet 
from a sample containing 45g of sodium 
carbonate in 100ml of water.  
Fig 66: An SEM image of the spray 
dried sample containing 45g of 
sodium carbonate in 100ml of water.  
1 
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Figure 67 focuses on the interior region of the dried materials. From the arrow numbered 2 in 
Figure 67 a) and the arrow numbered 3 in Figure 67 b) the presence of internal microcrystals 
in both of the produced morphologies can be seen. Hence, Figure 65 and Figure 67a) 
confirm the formation of a well established skin and the formation of internal micro-crystals, 
which to an extent, affirms the proposed drying mechanism responsible for the produced 
morphology in the spray dryer, as seen in the Figure 63.   
Another interesting observation from these set from these experiments was the “hair like 
structures” on the crust of the spray dried sodium carbonate particles. The hair structures 
can be seen in the SEM images of spray dried 45g/100ml samples as seen in Figure 68.  
 
 
 
 
 
 
 
 
2 
3 
Fig 67: An illustration to compare the interior sections of the dried particles from the 
spray dryer and the single droplet technique. a) Optical image of the dried (single 
droplet drying) droplet from a sample containing 45g of sodium carbonate in 100ml of 
water. b) An SEM image of the spray dried sample containing 45g of sodium carbonate. 
a) b) 
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The mechanism behind the formation of these hair like structures is not fully understood but 
it is suspected that they may have formed post spray drying, perhaps as a result of the 
humidity in the container the spray dried samples were stored in before SEM scanning. It is 
an interesting phenomena since if it can be found that they occur without the introduction of 
any other additive or materials, it would be of great interest in the foodstuffs and 
pharmaceutical industry. Learning to control its onset could facilitate the lining of foods and 
drugs which would help to protect foods or organs again micro organisms that find smooth 
skin surfaces favourable. 
  
3.1.2     Effect of material and concentration: Monosodium glutamate (MSG) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 68: An SEM image of the spray dried 45g/100ml sample of sodium carbonate 
(“Hair” like structures).  
“Dissolved” “Partially dissolved” 
Single droplet 
experiment 
Spray drying 
experiment 
Single droplet 
experiment 
Spray drying 
experiment 
Compare results Compare results 
Ionic compounds 
Monosodium glutamate 
Fig 69: An illustration mapping the completed experiments with Monosodium glutamate (MSG) 
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In the experiments involving MSG, the investigated concentrations were 44.4g/100ml (below 
saturation at room temperature) for the “dissolved” experiments and 148g/100ml (above 
saturation at room temperature) for the “partially dissolved”. From the “dissolved” 
experiments, Fig 70a and 70b, allows for the comparison of the dried particles from both the 
spray dryer and the single droplet technique. It is immediately obvious that both images 
portray skin forming materials. The image from the single droplet technique also indicates 
that the particle could be hollow but this is not confirmed by the SEM image of the spray 
dried monosodium glutamate. 
 
 
 
 
 
 
 
 
 
 
A similar comparison of dried MSG in the “partially dissolved” experiments also produced 
good similarities between the obtained morphologies. Figure 71a) and 71b) shows this. 
 
 
 
 
 
 
 
 
 
  
Figure 70:a) An optical microscope images of dried MSG (44.4g/100ml) particle (Single droplet 
drying).b) An SEM image of spray dried MSG(44.4g/100ml). 
  
Figure 71: An optical microscope images of dried 148g/100ml MSG samples. (Single 
droplet drying). b) An SEM image of spray dried 148g/100ml MSG samples. 
a) b) 
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 Interestingly Figure 71 shows that both dried MSG particles no longer appear to look like 
smooth skin forming materials. They now seem to have a closely packed coarser skin 
formation. The significant observation is that the change has been found to occur in both. 
The skin appears to be agglomerated with plate like crystals embedded on it. 
 
 
 
 
 
 
 
 
 
When comparing the single droplet images from the both the “dissolved” and “partially” 
dissolved condition for MSG (Figure 73 and Figure 74 respectively), with their equivalent 
SEM images from the spray dryer, an insight can be gained into the mechanism behind the 
morphologies on the SEM scans. 
 
 
 
 
 
 
 
 
 
 
 
Figure 72: An illustration to highlight the plate like micro crystals embedded on the particle 
surface of dried sodium glutamate in the single droplet technique 
 
  
t= 0 t= 49 t= 125 
t= 166 t= 241 
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Figure 73: Optical macroscopic images showing the drying of 148g/100ml MSG samples. 
(Single droplet drying) t=time in seconds.
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In the “partially” dissolved single droplet experiments, the initial “packing” or “loading” of the 
droplet appears very heavy, hence there wasn’t any free section along the interface to shrink 
from. It is possible that since there was not possible for water to exit the droplet via its 
interface, a pathway through the droplet itself was forced. This could explain the formation of 
the “blow holes” that can be seen in the SEM scan in Figure 75. In the “dissolved” 
experiment, the droplet did experience some shrinking but not as much as that seen in 
Figure 74, due free surface at the droplets interface in the initial stages of drying.  
 
 
 
 
 
 
 
 
 
 
 
 
However during the “dissolved” experiment, though a hollow structure is formed, the formed 
crust was never broken which could explain why the SEM image of the equivalent spray 
dried experiment only shows a smooth crust.  
In literature, an agglomerate forming particles is defined as a particle composed of individual 
grains of material bound together by sub micron dust. (Walton and Mumford, 1999). A closer 
view of the SEM image of the dried 100% MSG indicates that its morphology fits this 
description (See Figure 74b). 
 
 
   
  
t= 0 t= 29 t= 259 
t= 540 t= 880 
 
Figure 74: Optical macroscopic images showing the drying of MSG (44.4g/100ml) 
droplets. (Single droplet drying) t=time in seconds
1mm 
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 Walton and Mumford (1999) also go on to report that agglomerate particles are mostly 
spherical and regular in shape which again fits the description of Figure 71b). However, their 
claim that particle blow holes (Figure 18) and craterings are relatively uncommon due to the 
highly porous or open nature of the particle structure doesn’t fit as well with the findings of 
this study. This open nature was said was said to facilitate the flow of water, water vapour 
and possibly dissolved gasses from the interior of the particle to its surface with minimal 
resistance, thus minimising pressure build up and particle distortion or inflation. (Walton and 
Mumford, 199)  
 
 
 
 
 
 
 
Conversely, Figures 71b, 74b and 75 show that agglomerate forming particles produced in 
this experiments did have blow holes to a relatively high frequency. The equivalent single 
droplet results of this experiment shown in Figure 73 does indicate that there was a pressure 
build up internally from the highly packed initial droplet. The lack of shrinking of the droplets 
interface also indicates that the open nature described in literature wasn’t experienced in the 
drying of this droplet. Hence, since the mechanism described in literature wasn’t the 
mechanism indicated in this experiment as shown by the single droplet experiment, it is no 
surprise that the produce morphology didn’t fully fit that expected from literature. 
 
Figure 74b): An SEM image of spray dried 148g/100ml MSG sample. 
 
  
Figure 75: SEM images of spray dried 148g/100ml MSG samples to illustrate the 
frequency of blow holes in the dried particles.
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3.1.3     Effect of material and concentration: Lactose 
 
 
 
 
 
 
 
 
 
 
 
 
In the experiments involving Lactose, the investigated concentrations were 14.4g/100ml for 
the “dissolved” experiments and 36g/l for the “partially dissolved” experiments. From the 
“dissolved” experiments, Figure 77a) and Figure 77b), allow for the comparison of the dried 
particles from both the spray dryer and the single droplet technique.  
 
 
 
 
 
 
 
From Figure 76 and 77, the two drying techniques can be compared. It is clear from these 
images that a complex “mesh like” network of crystalline material has been formed in both 
“Dissolved” “Partially dissolved” 
Single droplet 
experiment 
Spray drying 
experiment 
Single droplet 
experiment 
Spray drying 
experiment 
Compare results Compare results 
Molecular crystals 
Lactose (Crystalline) 
Fig 76: An illustration mapping the completed experiments with Lactose 
  
Figure 77: a) An optical microscope image of dried lactose (36g/ml) solution (Single 
droplet drying). An SEM image of spray dried 36g/ml lactose solution. 
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instances. From the partially dissolved experiments, Figures 78 and Figure 79 also show a 
strong similarity in morphology. 
 
 
 
 
 
 
 
 
 
From these images, a dense structure can be seen to have formed by both techniques. The 
particles appear to be agglomerate forming particles with a coarse outer surface area. 
Beginning with a look into the single droplet results for the “dissolved” experiments for this 
material, an interesting pattern of drying was observed.  Typically, in previous descriptions of 
single droplet results, when drying commences, the droplet would shrink until a crust was 
formed. After this point, internal drying begins and the solution inside the crust is seen to 
evaporate. It has been previously explained that if the bulk solution residence time required 
for nucleation is allowed, internal crystal growth can occur as seen in the experiments with 
sodium carbonate.  
As can be seen in Figure 80, in the single droplet drying of lactose, the droplets also shrinks 
at first before a crust is formed at t= 118s. However, after this point, the crust stops shrinking 
and a stage of intense internal crystal growth begins. Instead of seeing the solution 
disappear due to evaporation, what is seen instead is a darkening of the internal structure as 
drying continued. By t= 271s, the entire droplet area seems to be covered in crystalline 
material which is made clearer by the optical microscope image in Figure 76. 
 
 
 
  
Figure 78: An optical microscope 
image of a dried  (single droplet 
drying|) 36g/100ml lactose droplet 
sample. 
Figure 79: An SEM image of spray 
dried 36g/100ml lactose sample. 
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On the last single droplet image, there appears to be a transparent “paste like” layer 
surrounding the droplet. While such a layer has not been seen in the SEM image of the 
equivalent spray dried experiment, the explanation below is proposed. When crust formation 
was in progress at t= 118s, it appears that the lower section of the droplet’s interface 
became stationary, whilst the top section of the interface experienced more shrinking before 
finally becoming stationary. Consequently, when the top section finally stopped shrinking, it 
was no longer supported by the lower section, so it basically collapsed to form a particle with 
a wider “paste” like crust. The diagram below illustrates this. 
 
 
 
   
   
t = 0  t = 20  t= 74 
t= 118 t= 190 t= 271 
 
Figure 80: Optical macroscopic images showing the drying of lactose (14.4 g/100ml ) 
single droplet. 
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In the single droplet results for the “partially” dissolved experiments with lactose, the droplet 
is concentration is 36g/100ml of water. Figure 82 shows the single droplet images of the 
drying droplet. From these images, it is observed that the droplet experiences shrinking at 
the initial stages of drying.  
  
 
 
 
 
 
 
 
 
 
 
Whilst the starting droplet concentration was at the same level of supersaturation as that of 
the equivalent experiment with MSG, where shrinking was minimal, the packing or loading of 
that droplet was heavier by 38g per 100 ml than that of the lactose droplet. This is believed 
to have allowed for less surface area for crystallisation to occur, hence a slower solidification 
Wide crust area 
Crystalline material 
Shrinking top crust section 
Stationary lower 
crust 
Figure 81: A diagram illustrating the drying mechanism in effect during the drying of single 
droplets from the 14.4g/100ml lactose sample. 
t = 0s 
End of drying 
 
t= 75 
  
 
  
t= 0 t= 15 t= 30 
t= 45 t= 60 
Figure 82: Optical macroscopic images showing the drying of lactose single droplet with 
36g/100ml concentration. 
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(crust formation) of the droplets boundary layer than that seen with MSG. The slower crust 
formation gives more room for shrinking to occur.  
 
3.1.4     Effect of material and concentration: Aspirin 
 
 
 
 
 
 
 
 
 
 
 
 
 
In these experiments, a 2g/100ml  aqueous solution of aspirin was investigated. Figure 83 a) 
and Figure 83 b) allow for the comparison of the dried particles from both the spray dryer 
and the single droplet technique. 
 
 
 
 
 
 
 
“Partially dissolved” 
Single droplet 
experiment 
Spray drying 
experiment 
Compare results 
Molecular crystals 
Aspirin 
Figure 83: An illustration mapping the completed experiments with Aspirin 
  
 
Figure 83a): An optical microscope 
image of dried 2g/100ml Aspirin 
droplet sample. 
Figure 83b): An SEM image of spray 
dried 2g/100ml Aspirin sample. 
99
From these images, needle shaped particles can be seen to be present in the dried samples 
from both techniques. The single droplet images from the droplet drying experiment are 
shown in Fig 83. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From the single droplet results as shown in Figure 83c, it is clear that the drying droplet 
experiences shrinking before internal drying began. Although this sample droplet had the 
highest concentration level, the images clearly display an initial droplet with a fairly “light 
loading”. As expected, the shrinking experienced was more than that experienced in any of 
the other supersaturated sample droplets. For the first time, it also appears that a very 
sparsely populated structure has been formed, consisting of loosely packed crystals (Figure 
84). There doesn’t seem to be a well defined crust, though a few pre-existing particles can 
be seen around the fringes of the formed structure. White “newly formed” crystals can be 
clearly seen within the structure and Figures 85 and 86 are attempts to get a closer look at 
the interior of the formed structure. The circular structures in these images appear to be 
moisture from the top hydrophobic glass slide that dropped on the lower slide after the 
   
   
t= 0 t= 12 t= 66 
t= 100 t= 108 t= 154 
Figure 83c: Optical microscope images showing the drying of the 2g/100ml aspirin droplet 
sample. (single droplet drying). (t= time in seconds)
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droplet had been dried. None the less, the dry needle shaped structure of the dried material 
can be seen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From Figure 84, the needle shape nature of the newly formed crystals can be seen. These 
bear a stronger resemblance to the needle shaped particles formed by the spray dryer as 
seen in Figure 82. 
 
 
Fig 84: a) Optical microscope images of dried (single droplet drying)  2g/100ml Aspirin droplet 
sample. b) Dark filtered version of a) 
a) 
b) 
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3.1.5     Effect of material and concentration: Hydroxypropylmethylcellulose (HPMC) 
 
 
 
 
 
 
 
 
 
 
 
 
In the pair of experiments with HPMC, this material was dissolved in acetone (2.55g of 
HPMC in 30ml of acetone) and then dried using both techniques. Figure 86 allows for the 
comparison of the dried particles from both the spray dryer and the single droplet technique. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 85: An illustration mapping the completed experiments with HPMC 
“Dissolved” 
Single droplet 
experiment 
Spray drying 
experiment 
Compare results 
Polymer 
HPMC 
  
 
Figure 86: a) An optical microscope image of dried HPMC (Single droplet drying.) View: 
without top slide. Scale: 100 µm b) An SEM image of spray dried HPMC. 
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Figure 86a is an optical microscope of a dried droplet of HPMC and this image displays an 
internal collapse or infolding into a hollow central area of the dried particle. Fig 86b is an 
SEM image of spray dried HPMC and it also clearly shows an infolding in the dried particle. 
It became apparent in the initial single droplet experiments with HPMC that the droplets were 
“buckling” in the drying process. The image in Figure 86  and Figure 87 were taken without 
the top hydrophobic slide in order to get a better glimpse of the buckled droplet. It was also 
found in this experiments that the buckling process was happening too quickly to be 
captured by the single droplet device, as shown in Fig 87 below. 
 
 
 
 
 
 
 
In order to slow the process down, the maximum temperature was changed to 50ºC and the 
single droplet experiment was completed as shown in Figure 88.   
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t= 0 t= 15 t= 30 
Figure 87: Optical macroscopic Images of a dried single droplet of HPMC to a maximum 
temperature of 80 ºC. t= time in seconds 
Figure 88: Optical macroscopic Images of a dried single droplet of HPMC to a 
maximum temperature of 50 ºC. t= time in seconds 
   
t= 0 t= 35 t= 43 
t= 60 
 
t= 60 
 
t= 96 
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In this experiment, both microstructural evolution and final structural arrangement were 
captured in the HPMC single droplet experiments. Evidence of the formation of a hollow 
central internal space was again indicated in the dried particle as shown in Figure 89. In this 
image, smaller collapses also appeared to have occurred around this main central space.  
 
 
 
 
 
 
 
 
 
When the glass slide containing the dried particle was turned upside down and analysed 
under an optical microscope, as  shown in Figure 90, a central space in each circular 
structure can again clearly seen. Each central space appear to have experienced internal 
collapsing or infolding as an implosive pattern can be seen in each structure.  
 
 
 
 
 
 
 
 
 
 
 
Figure 90: Optical microscope Image of a dried single droplet of HPMC (upside down image). 
Scale: 500µm 
Figure 89: Optical microscope Image of a dried single droplet of HPMC.  
Scale: 500µm 
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The suspected drying mechanism in effect in these experiments is described in Figure 91. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Top view 
Figure 91: A diagram illustrating the drying mechanism in effect during the drying of single 
droplets containing HPMC. 
t = 0s 
(End of drying) 
Inward folding 
Inward collapsing 
Outward moving 
cavities 
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As shown in Figure 91, when drying is initiated, all the dissolved HPMC particles in the 
solution begin to quickly move outwards towards the droplet’s crust. Where the outward 
moving particles meet internally, an internal wall is formed. This explains the circular 
structure found at t=0s. When all the particles in the solution have been transported either to 
the droplets crust or to the internal walls as a result of drying, the support inside each 
circular structure is no longer there, hence, the top section of the formed crust tends to either 
completely collapse inwardly or fold inwards as shown in the illustration and in the results 
obtained from this experiment.  
 
 
 
 
 
 
 
 
 
 
To make some sense of this interesting phenomenon, a look into the reviewed literature is 
needed. As mentioned in the introduction, despite the fact that spray drying has become a 
popular method of choice for manufacturing large quantities of many foodstuffs, 
pharmaceuticals, polymers and detergents, little is known about the mechanics of drying 
droplets (Masters 2002). In the literature review on the onset of buckling, Tsapis et al (2005) 
described a new frame work for understanding the mechanical abilities of drying droplets.  
In this frame work, buckling is said to occur by the formation of a viscoelastic shell of densely 
packed particles forming at the droplets surface.  It was found to coincide with stress 
induced fluid to solid transition in a shell of particle at a droplet’s surface, occurring when 
attractive capillary forces overcome stabilizing electrostatic forces between the particles 
(Tsapis et al, 2005). The droplet, is first reported to shrink isotropically, however, from Figure 
88, it is indicated that the droplet in this single droplet experiments did not undergo any 
 
Figure 92: An SEM image to show the “buckling” effect in spray dried HPMC particles. 
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shrinking. None the less, in the study by Tsapis et al (2005), the droplet was suspended 
using the Leidenfrost effect which would explain why shrinking would be more readily seen 
in comparison to this study, where the droplet was on 2 slides. This is also coupled with the 
speed at which the outward moving dissolved particles approached the droplet’s boundary. 
Ultimately, the morphologies observed in Figure 34 from the study by Tsapis et al (2005) is 
consistent with those obtained from simulations of buckling elastic shells using Surface 
Evolver (Brakke, 1992). Certainly, scanning electron microscopy (SEM) images of fully dried 
droplets reveal a hollow core surrounded by a buckled shell of densely packed particles, as 
shown in Figure 35. Interestingly when comparing Figure 35 and Figure 93 which is a figure 
of a “buckled” single spray dried particle from this study, a strong resemble can be seen. 
Based on this comparison, and with the lack of shrinking explained, it is believed that the 
buckling experienced in this study closely resembles that of deflated elastic shells. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 93: An SEM image to show the “buckling” effect in a single spray dried HPMC particle. 
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3.2 Effect of temperature and particle shape 
 
As mentioned previously, the objective of the experiments in this section was to investigate 
single droplet drying under conditions where he solid particles suspended in the liquid are 
'inert' in the sense that no further deposition of the solid phase takes place on them. The 
purpose of this investigation was to try to understand particle behaviour in the latter stages 
of spray drying, where crystallization was no longer occurring.  The aim is to investigate the 
effect of temperature (a process condition) and the effect of particle shape in a single droplet 
drying.  
 
 
 
 
 
 
 
 
 
The two investigated maximum temperatures were 60ºC and 80ºC. The average of the 
drying times realised for both maximum temperatures and particle shapes are displayed in 
the charts below. From the chart in Fig 95, it can be seen that in the single droplet drying of 
droplets containing needle shaped particles, the drying times generated with the maximum 
temperature of 80ºC where much quicker than those produced with a maximum temperature 
of 60ºC.  
 
 
 
 
 
Effect of temperature Effect of shape 
Needle shape Spherical shape 
Benzoic acid Glass ballotini 
Figure 94: An illustration mapping the completed experiments with insoluble particles 
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However, Figure 96 shows the same comparison for spherical shaped particles but the effect 
of the increase in temperature is not seen as the drying times are roughly the same 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 95: A graph to show the effect of temperature on drying time in the drying of single 
droplets containing needle shaped particles. (Final ratio inclusive) 
Fig 96: A graph to show the effect of temperature on drying time in the drying of single droplets 
containing spherical shaped particles. (Final ratio inclusive) 
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It is clear from the above results that in the spherical shape experiments, the effect of 
temperature was relatively less important, whilst in the needle shaped experiments; the 
effect of temperature was more dominant over the effect of temperature. This finding 
explains the interest into the effect of the particle shape in both materials. A closer look at 
the typical individual results obtained from the experiments on the two particle shapes was 
found useful. These have been named set 1, 2 and 3 for each particle shape. Figure 97 
compares the drying results directly for each temperature 
 
 
 
 
 
 
 
 
 
 
 
 
From the graphs in Figure 97, it is clear that with a maximum of 60°C, the experiments with 
spherical shape particles produce a quicker drying time than that with needle shape 
particles. One possible reason for this is shown in the single droplet images for both 
experiments. In the needle shape experiments, the particles become aligned on the droplet 
air water interface to produce a “solid wall” effect along the droplet’s perimeter. 
Consequently, this produces more of a restriction to the vapours trying to exit the droplet 
during the drying process. In the spherical shape investigation, the alignment of particles 
occurs on the inside of the droplet’s interface. This still provided a wall like effect but it is 
believed that the obstruction to drying was not as high as that seen in the needle shape 
investigation. This was made visible by the rounder edges maintained on the droplet’s 
interface in the spherical shape experiments. 
 
 
Figure 97: A graph to show the decrease in area with time for experiments with spherical and 
needle shaped particles with a maximum temperature of 60 degrees. (Final ratio inclusive) 
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Figure 98: Images to compare the effect of particle shape on the droplet’s interface 
“Rounder edges” 
“Solid wall” effect 
Typical drying 
droplet containing 
needle shape 
particles 
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Figure 99: Macroscopic images of the drying of droplets containing needle shaped 
particles to a maximum temperature of 60ºC.(t=time in seconds) 
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Figure 99 shows a much quicker drying time than Figure 100 and this shows the effect of the 
temperature increase. The lower temperature allows for more interfacial alignment whereas 
the higher temperature doesn’t. The effect of the alignment can be clearly seen at t=90s, in 
Figure 99. In Figure 100, the edges of the droplets are consistently rounder indicating, faster 
evaporation. 
When making the same comparison at 80°C, it was expected that a clear distinction 
between the drying time of the spherical and needle shape particles would again be seen. 
However the graph in Figure 101 shows that the drying time and for both particles at this 
temperature were quite similar.  
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Figure 100: Macroscopic images of the drying of droplets containing needle shaped 
particles to a maximum temperature of 80ºC.(t=time in seconds) 
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At this higher temperature, the increased temperature increases the driving force for 
evaporation to occur to such an extent that the effect of either particle shape is no longer 
dominant. It was also noted from Figure 102, that at 60°C, the deviation between the drying 
times for the spherical droplet investigation was much more than that recorded at 80 °C as 
illustrated by the chart below. 
Figure 101: A graph to show the decrease in area with time for experiments with spherical and 
needle shaped particles with a maximum temperature of 80 degrees. (Final ratio inclusive). 
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 This raised the suspicion that at the higher maximum temperature of 80°C, the drying time 
was less affected by parameters such as the spatial arrangement and distribution of particles 
However, a closer look at all the single droplet images for the spherical shape investigation 
reveals that, the arrangement of the particles inside the droplet also significantly affects the 
drying time. 
 
 
 
 
 
 
 
 
Figure 102: A graph to illustrate the drying times from spherical shape single droplet experiments 
at 60ºC and 80ºC. 
0
20
40
60
80
100
120
140
160
Max temp: 60 Max Temp:80
Maximum temperatures (deg C)
D
ry
in
g 
tim
es
 (s
)
 
S 
E 
T 
- 
1 
S 
E 
T 
- 
2 
S 
E 
T 
- 
3 
S 
E 
T 
- 
1 
S 
E 
T 
- 
2 
S 
E 
T 
- 
3 
114
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the spherical shape investigation, single droplet drying could be seen to be occurring in 
two phases. The first of which involved drying from “particle free” regions i.e evaporation 
from a free air-water interface and the second was drying from a region where a dense 
particle packing has formed and the water-air interface was confined to several menisci 
within this particle packing 
. 
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Figure 103: An illustration to compare drying time with the initial droplet arrangement for the 
spherical shape experiments with a maximum temperature of 60°C. 
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As shown by the above chart, the initial arrangement of particles in the 1st and 3rd 
experiments from the spherical shape investigation at 60°C reveals a large “particle free” 
region in both experiments. Furthermore, these regions are adjacent to a “particle free” 
interface. It is believed that since both of these experiments possessed a large “particle free” 
region at their initial stages, the probability of producing a longer drying time was greater. 
Typically, the drying time realised was between 130-143 seconds for this condition. The 
single droplet images for the 80°C investigation for this same particle shape also shows that 
all 3 experiments possesses large “particle free” regions at t=0 s.  
 
The initial arrangement of particles in the 2nd experiment was more uniformly distributed.  It 
did not posses a large “particle free” region.  Consequently it meant that this the first phase 
of drying was much shorter in time in this experiment than in the other two experiments. This 
is believed to be the reason for the considerable shorter drying time produced in this 
experiment than in the other two experiments. 
 
Furthermore, the uniform distribution of particles in the 2nd experiments also meant that the 
particles were not initially as close together as in the other experiment. The 1st and 3rd 
experiment initially possessed “particle free” regions while also having regions where all the 
particles were closely gathered.  
When drying began to occur from the particle free regions, the entire droplet would shrink 
but the region with particles where compressed even more as a result of this. Opposite to 
what seen in the needle shape investigation with the “solid wall” effect, “particle free” regions 
experienced the most shrinking while the region populated with particles essentially 
remained stationary as drying wasn’t occurring as freely in these regions (See Figures 104 
and 105).  
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The importance of understanding the relationship between packing density and particle 
shape was discussed in the introduction of this report and it was regarded as beneficial to 
different applications.  The finding of one such study revealed that a small deviation in shape 
from spherical, could increase the random packing density significantly without crystallization 
(Williams & Philipse, 2002). But the applications referred to in that case were related to filter 
bed drying. The parameters considered then were cake drying dynamics, changes in particle 
aspect ratio and permeability.  This study indicates that particle shape and particle packing 
also play an important role in single droplet drying and also microstructural evolution and 
formation. 
 
 
  
Fig 105: An illustration to show the difference between particle free regions and regions with 
closely packed particles. 
t= 0 t= 0 
 
“Particle free 
region” 
Region populated 
with particles 
Figure 104 a) An illustration to show the contrast in evaporation rate between “particle free” 
regions and regions with closely packed particles. b) An illustration to show uniform evaporation.. 
a) b) 
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4 Conclusions 
 
The objective of this study was to develop a single droplet drying technique that would allow 
real-time observation of the microstructure and morphology evolution, and subsequently to 
determine whether the particle morphologies produced in single droplet drying were 
analogous to those produced by a spray dryer. Experiments involving a range of materials 
with different characteristics and properties have been carried out in both processes. The 
results produced in this study indicate that for the materials investigated, the end 
microstructural arrangement obtained by the single droplet technique will be essentially the 
same as that obtained in a spray dryer, and the single droplet method can therefore be used 
as an early indication of the most likely particle morphology. This has significance during 
process scale-up in the pharmaceutical industry and in other situations when only small 
quantities of a newly developed chemical entity are available but a decision about the 
process route has to be made at an early stage. The single droplet results have also allowed 
for the understanding of some drying mechanism behind the morphologies produced. A 
summary of the findings made by this study can be found in Table 2. This figure shows the 
similarity in microstructure of produced dried particle morphologies from both techniques.  
Under the “dissolved” condition of this study, both the spray dryer and the single droplet 
device produced skin forming monosodium glutamate particles and sodium carbonate 
particles  that experienced internal nucleation to form microcrystals inside its formed crust. 
The drying of lactose using both techniques also produced a complex mesh-like network of 
crystalline material as shown in the summary table. When drying the polymer HPMC, the 
buckling effect was experienced and displayed by both drying techniques as well. 
Under the “partially dissolved” condition investigated in this study, monosodium glutamate 
with a coarse skin formation was produced by both techniques. Sodium carbonate drying 
also led to the discovery of “hair like” structures on the spray dried material which was 
interesting in themselves as they formed without any artificial products. The mechanism 
behind their formation is not yet fully understood though, and will require further 
investigation. Both techniques also produced sparsely populated crystalline aspirin particles. 
Lactose particles were found to have a dense structure on the outside and the coarse skin 
formation of the dried particle bore a good resemblance with that morphology produced in 
the spray dryer.   
Finally, in the “no dissolution” section of this work, the restrictive effect of a shrinking droplet 
interface on the internal rearrangement of suspended particles was investigated. The 
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 NO DISSOLUTION COMPLETE DISSOLUTION PARTIAL DISSOLUTION 
-Dense structure    -Porous regions 
-Coarse skin formation
Spherical shape 
Ionic 
compounds 
MSG 
Na2CO3 
         -Skin formation   -Micro-crystallite visible 
-Loose packing    -No skin formation 
Aspirin 
-Dense structure -Coarse skin formation
Acid 
Molecular 
crystals 
Lactose 
    - Well developed skin formed 
Needle shape 
Polymer 
HPMC 
Table 2: 
An illustration 
summarising all 
the results obtained 
from the spray 
drying (SP. drying) 
and single droplet 
drying (SD. Drying) 
experiments. 
-Well developed skin formed 
-Dense 
 structure 
-Loose porous  
packing    
SD. drying SP. drying SD. drying SP. drying 
-Complex “mesh like” network of crystalline 
material 
-Infolding or “buckling” visible 
 
 
- Micro-crystallite visible
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conditions that allow for the dominance of particle shape and process temperature on the 
final particle morphology was also identified. 
5 Future Work 
 
All of the experiments carried out in this study have been with pure singular compounds. It 
would be an interesting future study to look at the single droplet drying of composite 
materials as the formation of composite amorphous solids of co-crystals is often 
encountered in spray drying. The results from this study could then be used as a key to 
identify the newly formed crystals from their composite mixtures, and to help guide product 
formulation. The second aspect of a recommended future work would include the generation 
of a computer model to simulate the results acquired. A Discrete Element Modelling (DEM) 
approach based on this studies work could prove to be a useful industrial and research tool 
in order to cut costs and time during formulation and process development.  The challenge 
for the future would in the real time monitoring of the spray drying process. This would allow 
for online monitoring of the droplet at the nozzle level of the spray dryer which could lead the 
operator of the plant to change process conditions based on the product specification 
required. As an initial step, the modification of the single droplet drying technique developed 
in this work could be carried out in order to allow faster dissolution rates – ideally 
approaching those prevailing in the spray dryer – to be achieved in the microscope hot 
stage. Image capturing would also need to occur at a quicker rate than that realised in this 
study in order to monitor drying in such a modified system 
Furthermore, in the spray drying of the various concentration of sodium carbonate, SEM 
scans of the dried particles revealed “hair like” structures on the surface of some particles. 
Although as reported in this study, the structures were said to have formed “post” spray 
drying, an investigation into this phenomena would also be in the scope for future work.  
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Result Sample: Single droplet drying images from temperature investigation 
(Needle shape) 
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Figure 106: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 60ºC –Set 1   
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 Figure 107: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 1   
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Figure 108: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 2   
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Figure 109: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 2   
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Figure 110: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 3   134
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Figure 111: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 3   
135
S 
C 
A 60 Degrees Set 4 –Real Images 1mm L 
  E 
 
 
 
 
   
 
t= 0 t= 15 t= 30 
 
 
 
 
 
  
 
t= 45 t= 60 t= 75  
 
 
 
 
   
 t= 90 t= 105 t= 120 
 
 
 
 
   
 t= 135 t= 150 t= 165 
 
 
 
 
  
 t= 180 t= 195 
 
Figure 112: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 4  
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Figure 113: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 4  
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Figure 114: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 5  
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1.1.1.3 60 Degrees Set 5 – Threshold Images 
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Figure 115: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 5 
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Figure 116: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 6   
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 Figure 117: Optical microscope images of the drying of a droplet of needle shaped 
particles to 60ºC –Set 6  
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Figure 118: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 7   
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Figure 119: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 7   
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 Figure 120: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 8  
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Figure 121: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 8   
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 Figure 122: Optical microscope images of the drying of a droplet of needle shaped 
particles to 80ºC –Set 9  
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 Figure 123: Optical microscope images of the drying of a droplet of needle shaped 
particles to 80ºC –Set 9  
149
S 
C 
A 
60 Degrees Set 10 –Real Images 1mm L 
  E 
 
 
 
 
 
 
 
 
 
  
t= 0 t= 15 t= 30  
 
 
 
 
 
 
 
 
  
 t= 45 t= 60 t= 75 
 
 
 
 
 
 
 
   
 t= 90 t= 105 t= 120  
 
 
 
 
 
 
   
 
t= 135 t= 150 t= 165  
 
 
 
 
 
 
   
 
t= 180 t= 195 t= 210  
 Figure 124: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 10   
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Figure 125: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 10  
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 Figure 126: Optical microscope images of the drying of a droplet of needle shaped 
particles to 80ºC –Set 1   
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 Figure 127: Optical microscope images of the drying of a droplet of needle shaped 
particles to 80ºC –Set 1   
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Figure 128: Optical microscope images of the drying of a droplet of needle shaped 
particles to 80ºC –Set 2   
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Figure 129: Optical microscope images of the drying of a droplet of needle shaped 
particles to 80ºC –Set 2   
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Figure 130: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 3   
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Figure 131: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 3   
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 Figure 132: Optical microscope images of the drying of a droplet of needle shaped 
particles to 80ºC –Set 4    
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Figure 133: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 4   
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 Figure 134: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 5.   
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Figure 135: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 5   
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Figure 136: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 6.  
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Figure 137: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 6   
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Figure 138: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 7.  
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 Figure 138: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 7     
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Figure 139: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 8.  
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Figure 140: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 8    
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Figure 141: Optical microscope images of the drying of a droplet of needle shaped 
particles to 80ºC –Set 9.  
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 Figure 142: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 9   
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Figure 143: Optical microscope images of the drying of a droplet of needle shaped 
particles to 80ºC –Set 10.  
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 Figure 144: Optical microscope images of the  drying of a droplet of needle shaped 
particles to 80ºC –Set 10   
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Introduction 
 
Electrical Capacitance Tomography (ECT) involves the capture of 
measurements around the periphery of a vessel, in order to continuously scan 
its volume, to determine the distribution of electrical properties as they change 
over time. 
 
The ECT equipment of interest in this study is the ITS m3000 dual modality 
device. The diagram below shows the original configuration of the sensor and 
vessel. 
 
 
Agitator
Heating jacket 
Sensor
 
 
Figure1: ECT unit (ITS m3000) 
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` 
Solvent 
Sensor 
Solvent 
Heated wall 
Figure2: Illustration of industrial problem 
 
As shown in figure 2, the presence of the solvent on both sides of the sensor 
produces conflicting measurements as one side is also aligning the heated 
wall. In order to produce useful data from the device, an immediate 
modification was required. 
 
Objectives 
 
The objectives of this study are as follows: 
 
• To rectify the leakage of solvent flow to either side of the sensor 
• To calibrate the hardware and software 
• To produce repeatable data 
• To analyse the produced data. 
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Experimental design 
 
Solvent Flow 
 
The initial idea regarding the leakage of solvent flow was to adhere the sensor 
unto an inner container within the vessel. This would eliminate any solvent 
flow to the back of the sensor and also protect the sensor from direct contact 
with the heated wall. An evaluation of the space available inside the vessel 
revealed that this would be quite time consuming and just as effective as the 
chosen modification. 
 
With the use of silicone sealant, the sensor was adhered directly unto the 
contact wall of the vessel. Only the bottom of the sealant was adhered to 
allow for pressure relief as the vessel was to be operated under vacuum 
pressure. It was also achieved relatively quickly (48 hours to allow for sealant 
to be completely dry). 
 
Calibration 
 
In order to produce useful data, the equipment had to be calibrated first. This 
was done by running the device under two set conditions: at low conductivity 
(i.e in our case when the vessel was filled was empty and filled with air) and at 
high conductivity (i.e. when the vessel was filled with solvent). The plan was 
then to test the calibration for the production of reproducible data.  
 
Data capture 
 
Further tests of the system prior to carrying out investigative studies included 
filling up the main vessel and then introducing a solid object to record the ECT 
response. A PTFE baffle was used for this purpose. The ECT response to the 
lowering of the solvent level was also recorded. 
 
The two studies to be investigated were: 
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• The monitoring of filtration  
• The monitoring of drying 
 
Two types of drying were to be investigated. These were static and agitated 
drying. Multiple runs were planned for all experiments to verify repeatability. 
LOD samples were also to be taken from radial positions along the solid 
surface for comparison with radial concentration values from the captured 
data on the ECT software. 
 
Results 
 
Solvent flow 
 
The lower section of the sensor was successfully adhered on to the vessel 
wall. The sealant took about 48 hours to dry. 
 
Calibration  
 
It was noticed from the early stages of these experiments that by default, the 
software could not store the low permittivity (dry) image. (Note: ITS were 
contacted about this finding and they confirmed that this was in fact the case). 
 
 For the benefit of viewing the results, this image has been constructed 
manually by modifying a near-low permittivity image. The “F” icon on the right 
hand side of the converted image is to notify that this was manually formed. 
 
The ECT device proved to be very sensitive and during the calibration tests, 
attempts to reposition the sensor connectors (sockets that connect the sensor 
to the main hardware interface) to improve the recordings led to even more 
complex images with poor repeatability. It was also observed that there was a 
high frequency of crashes of the computer capturing the ECT data.  
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Since calibration is crucial to any potential study on the ECT dryer, it was 
important to devote the necessary time to achieve a positive result from the 
calibration test. Improvements were seen after several calibrations were 
carried out with the same sensor connector position.  
 
The below results confirms that comprehensive data was now been captured 
by the device hence confirming that the sensor was no longer reading 
conflicting signals but measurements from the peripheral of the vessel. They  
also typify the type of measurements that we hoped to repeat successfully. 
 
 Figure 3: Manually formed low conductivity image 
 
 
 
 
 
 
 
 
 
 
 
 
STAGE 1 
STAGE 2 
 
 
 
 
 
 
 
 
 
 
 
177
  
 
 
 
 
 
 
 
STAGE 4 
STAGE 3  
 
 
 
 
F  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
178
Figure 4: Images to show the evolution from initial to final calibration 
technique. (Image of a wet vessel) 
 
 
 
 
 
 
 
 
 Technique: Sensor adjustment Technique: Sensor adjustment 
 
 
 
 
 
 
 
 
Technique: Sensor adjustment + 
recalibration 
Final Technique: Several (≥7) 
recalibrations 
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Figure 5: Images displaying presence of solid object/baffle (SB) in a wet 
vessel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SB SB 
SB
SB
SB 
 
 
 
 
 
 
 
 
Calibration 
Reference:  
Aug30 
 
Experiment: Images of baffle presence 
 
P2K ID: Aug30-tony-calib-p2k-bafflein.ect 
Note: 
• Good baffle-In capture 
• Small issue with final image. FWP (Faint White Patch present) 
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Data capture 
 
The online images acquired from the tomography unit were saved and 
labelled appropriately on a database in the ITS software. This could then be 
replayed at a later date. When reviewed, information was divided into sections 
for analysis. The data was sectioned by the following attributes: 
 
Image quality when: 
• Dry (Dry) 
• Vessel was filling up (Filling up) 
• Solid baffle present (Baffle in) 
• Solvent level being reduced (ECT response) 
A note of any striking observation was also recorded. 
The calibration reference was also recorded and the type of experiment (an 
explanation of the category been tested. Recording information in this manner 
makes it easier different future studies to be done using the same data. 
 
For the benefit of this study, the data presented here is divided into three 
different sections. These include; first modification results (Figure 6, Table 1), 
second modification results (Figure 7, Table 2) and final modification results 
(Figure 9, Table 3). Initial results refer to the results captured after the first 
modifications were carried out on the vessel. Second modification results refer 
to the results acquired after part of the sensor seal broke and was resealed a 
second time. Final modification results refer to the result acquired in a study to 
investigate the ECT response to a free flowing sensor (solvent on both sides 
of the sensor). 
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Figure 6: Images displaying transition from wet to dry vessel after the vessel 
was modified for the first time. 
 
 
 
 
   
t = 0 t =48 t = 51 t = 72  
 
 
 
  
 t = 78 t = 87 t = 102 t = 108 
 
 
 
 t = 111 
 
 Table 1: 
 
 A table recording observations in an experiment displaying transition from wet 
to dry vessel after the vessel was first modified. (*Original – hand written in Lab book). 
 
 
 
 
 
 
 
 
 
Calibration Reference:  
Aug-30-tony-calib 
Dry Filling 
up 
Baffle In    Wet Lowering 
 
 
 
 
 
 
Experiment: 
Aug-30-tony-calib (Wet-Dry) 
    
P2K ID: 
Aug-30-tony-calib-p2k-
calibcheckup 
    
9ok9  
 
v.good 
9  v.good 9 9
9  k
Note: 
• Can you use very good images to show baffle presence 
• Filling up was ok and initial calib check of red was fine but 
• The filled up image showed FWP (faint white patches) 
9 9 9 9o
Calibration Reference:  
Aug-30-tony-calib2 
Dry Filling 
up 
Baffle In    Wet Lowering 
Experiment: 
Aug-30-tony-calib2 (Wet-Dry) 
    
P2K ID: 
Aug-30-tony-calib2 
    
Note: 
• Calibration –completed – perfect 
• Very sensitive, baffle in was not as good as previous experiment 
• Will now try baffle in again 
• Lowering very sporadic (unstable) 
9
v.good 
9Perfect ok 9  9 9
9  good 9 9 9
v.good 
ok 9
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Figure 7(a): Images displaying transition from wet to dry vessel after the 
vessel was modified a second time. 
 
 
 
 
 
 
 
 
 
 
t = 0 t =6 t = 21 t = 74 
t = 90 t = 81  
 
Figure 7(b): Images displaying transition from wet to dry vessel in a static 
filtration-drying experiment at 20◦C after the vessel was modified a second 
time. The vessel was filled with 400g of NaCO3 and 1200ml of Propan-2ol, the 
solvent used in this study (filled to top of sensor). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
t = 3 t =6 t = 27 t = 30 
t = 42 t = 51 t = 55 t = 33 
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Table 2:  A table recording observations in an experiment displaying transition 
from wet to dry vessel after the vessel was modified a second time. (*Original 
– hand written in Lab book). 
 
 
 
 
 
 
 
 
 
 
Calibration Reference:  
Sep3rd 
Dry Filling 
up 
Baffle In    Wet Surface 
Experiment: 
 
Table 1: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Solid+Liquid IN 
    
P2K ID: 
Sep3rd-tony-p2k-solidin+liquid 
    
9  9 9 9 9
Note: 
• An excellent result 
• @ last image there is a uniformed WP to acknowledge presence of solid 
(soaked)? 
• Very stable progression 
Calibration Reference:  
Aug-30-tony-calib2 
9  9 9 9 9
Dry Filling 
up 
Baffle In    Wet Surface 
Experiment: 
Lowering from Solid and liquid 
    
P2K ID: 
Aug-30-tony-calib2 
    
99 9  99
Note: 
• Last image is perfect 
• Shows it is mainly dry+presence of retained liquid in solid? 
9999 9   
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Figure 8: Images displaying transition from wet to dry vessel after the vessel 
was modified a third time. 
` 
 
 
 
 
 
 
 
 
 
 
t = 0 t =30 t = 33 t = 39 
 
 t = 63 t = 105 t = 189 t = 210 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Calibration Reference:  
Sep7th-BT-Calib1 
Dry Filling 
up 
Baffle In    Wet Surface 
Experiment: 
Wet-Dry 
    
P2K ID: 
Sep7th-BT-calib1-tony-p2k-
lowering 
    
Note: 
• Very unstable progression 
• Final image very odd 
• Presence of dry patches unbelievable (unrealistic) 
• Drying capturing questionable as last image is poor 
 
Calibration Reference:  
Sep7th-BT-Calib1 
Dry Filling 
up 
Baffle In    Wet Surface 
Experiment: 
Sep7th- Wet-Dry 
    
P2K ID: 
Sep7th-BT-calib1-tony-p2k-
lowering3 
    
Note: 
• Very unstable progression but better than above 
• Presence of dry patches unbelievable (unrealistic) 
• Last image again poor 
9 9
 
9
9 9 9
9 9 9 X 
9 9 9
X 
X 
X 
X 
X 
X 
X 
v.unstable 
v.unstable 
v.unstable 
v.unstable 
Table 3:  A table recording observations in an experiment displaying transition from wet to 
dry vessel after the vessel was modified a second time. (*Original – hand written in Lab 
book). 
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Result Analysis 
 
Both Figure 6 and Table 1portray an unstable progression of drying. This 
pattern of drying that shows dry patches appear and then disappear (middle 
section t=87, 7=102) is unlikely to be accurate. Although, as shown from table 
1, calibration tests carried out successfully, the images of the ECT response 
as the vessel level is reduced are not very realistic.  
 
Another problem in the system was thought to be identified when a part of the 
sealant sealing the sensor to the vessel wall was discovered to be broken. 
Although this meant some solvent had passed behind the sensor to come 
between the sensor and the wall, the seal was replaced and the sensor was 
reattached to the wall. Furthermore, the result in Figure 6 and Table 1 were 
taken before the seal was broken in the vessel. 
 
Figure 7a and Table 2 display more comprehensive results. The steady 
progression  
through the spectrum from wet to dry vessel is realistic and accurate. 
Following the success of this result, Figure 7b (transition from wet to dry state 
of a vessel filled with solid and liquid) also shows an equally stable 
progression of drying. It was apparent at this point that useful data could be 
successfully generated from the ECT unit following these modifications. 
 
The interesting fact was that despite the presence of some solvent behind the 
sensor, the results produced was actually better than that produced when the 
sensor was initially sealed with no solvent in between the sensor and the wall. 
The presence of some solvent behind the sensor seem to yield a positive 
result but the quest was now how much was optimum. 
 
Another idea was actually the fact that perhaps as this was further on the 
study, these positive results were due to the calibration technique which had 
produced better results with several recalibrations. 
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This seemed increasingly the case because with the final modification result( 
i.e. a free flowing sensor), the expected conflicting signals were produced. 
This is typified by the final image and the unstable progression of filtration. 
 
Figure 9 and Table 3 clarifies the expectation that too much solvent in 
between the solvent and the sensor yield poor result. Figure 9 reveals a poor 
unstable progression from wet to dry.   
 
 
Conclusions 
 
The study has shown that useful data can be produced with the ECT dryer 
modified by sealing the sensor unto the vessel wall. A more adhering sealant 
could be used in the future to seal the sensor unto the wall but caution must 
be exercised when doing this in order not to damage the sensor of the vessel. 
The data captures has been successfully differentiated and analysed and the 
calibration techniques used has proved quite effective. The optimum state of 
the space between the sensor and the vessel wall would be an interesting 
future study. 
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Appendix 3:       
 
 
 
 
 
 
 
 
 
 
Glass treating procedure for microscopic slides 
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Glass treating: Hydrophobic gass treatment 
 
The microscope slides were cleaned with water and dishwashing liquid, then rinsed 
with purified water and finally deposited in HCl (37%, extra pure) for 10 minutes. The 
slides were then rinsed thoroughly with purified water, and then put in a container 
(petri dish) containing a solution of 35ml of isopropanol and 7ml silane 
(methyltriethoxysilane, 99%). The container was sealed using parafilm and the slides 
were then left in the solution for 24 hours. Once the slides had been the 
isopropanol/silane solution for the desired length of time, the slides were rinsed with 
isopropanol and then put in a drying oven. Once the slides were dry the actual 
experiment was conducted. 
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